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REGIONAL CEREBRAL BLOOD FLOW 

STELLING EN 
l .  De cerebrale circulatie wordt geregeld door het cerebrale metabolisme. 
2. Het direct meten van het regionale cerebrale metabolisme in vivo is mo­
gelijk m.b.v. positron emissie tomografie en houdt een grote belofte in voor 
de toekomst. 
3. Bij CT-scan onderzoek van patienten met een herseninfarct zijn negatieve 
bevindingen niet het gevolg van technische onvolkomenheden, maar 
hangen samen met histologische veranderingen in het gelnfarceerde 
gebied. (Arch.Neurol. (Chic.) 1 978, 35, l ). 
4. Inspectie is een sterk verwaarloosd onderdeel van het neurologisch on­
derzoek. 
5. De juiste behandeling van patienten met prostaatcarcinoom is controver­
sieel; het therapeutische resultaat van het toedienen van oestrogenen is 
twijfelachtig. 
6. Bij de indicatiestelling tot het uitvoeren van een arthroplastiek dient mede 
in overweging te worden genomen dat dit een bij voorbaat mislukte in­
greep is. 
7. Neurologische kennis is het biologisch geweten van de psychiater. 

8. De intraveneuze toediening van glycerol heeft geen invloed op het 
natuurlijke verloop van het herseninfarct. (Clin.Neurol.Neurosurg. 1975, 
87, 277). 
9. Patienten verwachten van hun dokter meer kennis dan nodig is voor het 
juist beantwoorden van multiple-choice vragen. 
1 0.Evenals nieuwe geneesmiddelen dienen ook alternatieve vormen van ge­
neeskunst officieel toegelaten te worden, nadat werkzaamheid en veilig­
heid overtuigend zijn aangetoond ten overstaan van een overheidscollege. 
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INTRODUCTION, SUMMARY AND CONCLUSIONS 
Understanding of normal and pathological functioning of the brain must 
finally be based on a knowledge of underlying structural and biochemical 
changes. Although we have some information about structural changes, 
quantitative information on biochemical changes is still limited. Some infor­
mation is currently available from various animal models, but the data are 
conflicting and only emphasize the immense difficulty of developing and 
studying laboratory models having normal human functions and diseases. 
The introduction of an effective means of measuring average cerebral blood 
flow and average metabolism by Kety and Schmidt in 1 945, was a very 
important step in the direction of an obvious alternative to develop means by 
which the biochemical and structural basis of normal and pathological func­
tion can safely be studied sequentially in humans. This method has given a 
solid basis for understanding the overall blood flow and energy metabolism of 
the brain in health and disease. Since then several other methods have been 
devised, including methods allowing measurements of blood flow in fairly 
small regions of the brain, using radioisotopes, which will be the subject of this 
study. A substantial amount of information is obtained from clinical and 
experimental research on cerebral blood flow and it is pertinent to ask what is 
the practical result. This is first of all indirect significance. 
Since the introduction of cerebral blood flow studies we have learned much 
about the basic facts of normal and pathological regulation of cerebral blood 
flow and today, the cerebral circulation is probably better understood than 
that of any other organ of the body. 
Chapter 2 gives a synopsis of latest insight regarding the regulation of 
cerebral blood flow. 
The influences of arterial C02-tension and autoregulation of blood press­
ure are described, together with the significance of neurogenic regulation of 
cerebral blood flow. The concept of coupling cerebral blood flow and metab­
olism is elaborated and discussed. 
Chapter 3 deals with the methods of measurement of cerebral blood flow, 
with special emphasis on the methods using inert and freely diffusible indi-
cators. Starting with the method of Kety and Schmidt, the developments 
following on this method are elaborated, with special reference to the Scan­
dinavian group of investigators of Lassen and Ingvar. Their technique, 
together with the principles of calculation cerebral blood flow are described 
and discussed in detail. 
In chapter 4 a survey of literature is given showing results of measuring 
cerebral blood flow in healthy and diseased subjects. 
Chapter 5 deals with the choice of method of cerebral blood flow mea­
surements in our clinical setting. A clearance technique is used, with xenon- 133 
as indicator, injected in the internal carotid artery, recording clearance curves 
by means of an array of 254 scintillation detectors. Calculations are based on 
the initial slope analysis. A description of instrumentation and procedures 
during the studies is given. 
In chapter 6 the results of our own investigations are reported. In 64 pa ti en ts 
1 67 studies have been performed. The normal value for cerebral blood flow 
was found as 5 7.9 ± 1 3.0 ml.min-1 per 100 g. There was a good repro­
ducibility (coefficient of variation 7.2%). A description is given of the normal 
regional pattern at rest, together with regional patterns during motor and 
somatosensory activation and during listening and speech. 
The results of cerebral blood flow measurements in patients suffering from 
various brain disorders are mentioned and discussed. Because these patients 
are in a Dutch Neurosurgical Clinic (in the Netherlands a distinction is made 
between neurosurgery and neurology, or what could be called medical and 
surgical neurology}, some brain disorders are either not represented, or only 
by one patient. 
Nevertheless it can be concluded from our material and results that: 
l .  measurement of regional cerebral blood flow according to the method of 
using xenon- 1 33 as an inert and freely diffusible indicator and carried out 
with the carotid injection technique is in our hands a safe and reliable 
method with good reproducible results. 
2. regional cerebral blood flow measurements in patients with subarachnoid 
hemorrhage give more reliable information about cerebral function than 
any other diagnostic tool. 
3. regional cerebral blood flow measurements in patients with arteriovenous 
malformations give quantitative information about the flow in the mal­
formation itself. 
4. regional cerebral blood flow measurements in patients with brain tumours 
give information about the functional effects in the tumour site and at 
remote sites in the brain. 
2 
CHAPTER 2 
REGULATION OF CEREBRAL BLOOD FLOW 
2. l Introduction 
In metabolic aspect, the brain is one of the body's most active organs. 
Although it weighs a more 2-3% of the total body weight it requires 20% of the 
total oxygen consumption and 1 5 %  of the heart minute volume (Sokoloff, 
1 960).The respiration quotient of the brain is almost 1 .0, which points to the 
fact that the substrate used for energy production is made up almost entirely 
of glucogen. The brain has little or no store of substrate, therefore it is virtually 
dependent for proper functioning on an immediate supply of oxygen and 
glucose. Although by physiological change in the brain's activity, the mean 
bloodflow remains unchanged (Kety, 1 955), it has been found recently that in 
a cerebral region with increased functional activity, the regional blood flow 
does increase. By muscular contraction of the hand, circulation increases in 
the contra-lateral motor area (Olesen, 1 97 l ). This dependence of change in 
blood flow on cerebral function points to close relationship with cerebral 
metabolism. 
2.2 Influence of arterial C02-tension 
Under physiological circumstances C02 is the most important product of the 
metabolic chain. It appears that C02 greatly influences cerebral blood flow. 
Hypercapnia results in vasodilatation, while hypocapnia causes vasocon­
striction. The cerebral blood flow is influenced particularly by changes in 
arterial C02-tension between 25 and 60 mm Hg (Reivich, 1 964; Harper and 
Glass, 1 965). (See fig. 2. 1 .  ). 
That no further increase in cerebral blood flow occurs by an increase in 
arterial C02-tension exceeding 60 mm Hg, could be explained by the 
assumption that a maximum vasodilatation already exists. 
At arterial C02-tension lower than 25 mm Hg, the anaerobic metabolism is 
activated, (Plum et al., 1 968), whilst furthermore the 02-content of the jugular 
vein decreases and the basic rhythm of the electroencephalogram slows down 
(Gotoh et al., 1965). These hypoxic metabolic changes in the brain, lead to 
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Fig. 2. 1 .  Relationship between cerebral blood flow (CBF) and arterial carbon dioxide tension 
(PaC02). The exact relationship in the interval 25-60 mm Hg is controversary. (According to 
Reivich, 1 964 ). 
vasodilatation, as will be brought up for discussion later, as a result of which 
further vasoconstriction through hypocapnia is counteracted. 
2.2. 1 .  Relationship between arterial C02-tension and cerebral blood flow 
The relationship between arterial C02-tension and cerebral blood flow would 
thus seem to have an upper and a lower limit, which lies between 60 and 25 
mm Hg respectively. 
There is no agreement about the relation between arterial C02-tension and 
the cerebral blood flow intermediate trajectory. In animal experiments indi­
cations were found which suggested a linear relationship (Reivich, 1 964, 
monkeys; Harper and Glass, 1 965, dogs). An exponential relationship was 
found in humans when awake (Olesen et al., 1 97 1 ;  Tominaga et al., 1 976). 
During general anesthesia in man, as in the animal experiment, a linear 
relationship was indicated (Alexander et al., 1 964). 
In addition it is evident that the change in cerebral blood flow is subject to 
the speed at which the arterial C02-tension changes. By a sudden rise from 40 
to 60 mm Hg, the cerebral blood flow increases twice as much as when a 
gradual change occurs over a period of several hours (Harper and Glass, 
1 965). 
2.2.2. Mode of action of C02 
When rapid changes occur in respiration, the change in cerebral blood flow 
seems to depend on the arterial rather than on the venous C02-tension 
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(Severinghaus and Lassen, 1967; Heuser et al., 1 97 l ;  Kontos et al., 1 97 l ). 
From this may be deduced that the changes in the immediate region of the 
blood vessel wall are of more importance than the change in C02-tension in 
the brain tissue. C02 passes the blood-brain barrier unhindered and an 
increasing arterial C02-tension leads to decrease in perivascular pH. Per­
fusion of the perivascular region with fluids of different pH leads to 
vasodilatation by a low pH and vice versa. If through the addition of buffers to 
the perivascular fluid changes of pH are impeded, C02-response is lost (Wahl 
et al., 1 970). 
It is now generally accepted that the perivascular pH is the determining 
factor in the blood vessel's response to changes in C02-tension. 
The assumption that the action of C02 proceeds under neurogenic in­
fluence (James et al., 1 969) has been found to be erroneous. The animal 
experoment shows that the section of the cervical sympathetic nerve, or 
administration of a B-blocker as propranolol, has no influence on the C02-
response of the cerebral vessels (Waltz et al., l 97 l ), and neither can a change 
in vasoreactivity in man be established, both before and after the adminis­
tration of the O'.-blocker regitine (Skinh0j, 1 97 1  ). The opinion that C02 exer­
cies its influence through a central regulating mechanism in the brainstem 
(Shalit et al., 1 967), has been found untenable. When monkeys are given a 
transfusion with blood of a high C02-tension, it is found that by adminis­
tration in the internal carotid artery, response is shown in the blood vessels in 
the carotid region of the ipsilateral hemisphere, whereas this response does 
not occur when the transfusion is given via the vertebrobasilar system (Kindt 
and Youmans, 1 969; Skinh0j and Paulson, 1969). 
2.2.3. Regulating influence of C02 
In addition to the influence of arterial C02-tension on the cerebral blood flow, 
there also exists a regulating mechanism which preserve certain homeostasis 
or the cerebral blood flow. 
The buffering capacity of the extracellular fluid being limited and the C02, 
as opposed to bicarbonate, having the capacity to freely pass the blood-brain 
barrier, the extracellular pH will determined by the bicarbonate/C02 ratio. A 
sudden, even minute rise in arterial C02-tension will result in a drop in 
extracellular pH, whereby the cerebral blood flow will increase and a more 
rapid clearance of the C02 effected. This mechanism is supplemented by the 
effect of the pH of CSF on the respiratory receptors in the wall of the fourth 
ventricle and on the surface of the medulla oblongata. Leusen and his co­
workers have pointed out in a number of publications issued between 1950 
and 1 954, the physiological significance of the CSF pH for respiration. 
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The CSF production consists of a chorioidal and an extrachorioidal component. whereby the 
chorioidal component is based on active secretion in the plexus chorioideus (Ames et al., 1 965) and 
the extrachorioidal component on effiux of extracellular fluid (Milhorat et al., 197 1 ). The 
composition of CSF which varies according to the place in the ventricle system, also differs from 
the composition of extracellular fluid. The pH of CSF is an exception, as it conforms generally to 
the pH of extracellular fluid (Ekstrnm-Jodal and Haggendal, 1 969; Skinh0j, 1 968). 
An increase in arterial C02-tension results in reduction of extracellular pH, 
which in turn affects the CSF pH. 
A low pH of the CSF induces stimulation of the respiratory receptors and 
leads to hyperventilation (Mitchell et al., 1963). It  is thought that through this 
mechanism, approximately 95% of stepwise change in arterial C02-tension is 
abolished (Severinghaus and Lassen, 1967). 
2.2.4. Paradoxical vasoresponse to change in C02-tension 
While the cerebral blood flow normally increases when arterial C02-tension 
increases, under certain circumstances, the reverse occurs. With an arterial 
stenosis (through influence of autoregulation, see 2.4), the blood vessels in the 
area behind the stenosis are in a state of maximum dilatation. 
By increase in arterial C02-tension, these blood vessels cannot dilate still 
further. The blood vessels outside the region of maximal vasodilatation retain 
their normal response and dilate additionally by increasing C02-tension. A 
redistribution of the flow of blood occurs, causing deprivation in the region 
where maximal vasodilatation already exists, so that here the flow diminishes. 
This paradoxical response has been called the intracerebral steal phenome­
non (H0edt-Rasmussen et al., 1 967; Fieschi et al., 1969; Paulson et al., 1970) 
and is observed in patients with brain tumours (Palvoglyi, 1969a,b) and 
cerebrovascular insufficiency (McHenry et al., 1 972a). 
Although the appearance of the intracerebral steal phenomenon has been 
demonstrated in numerous experiments, little is known of its frequency. 
Neither is it known if the pathogenesis is determined only by changes in the 
regulation mechanism (Hayes and Tindall, 1 969) or whether changes in the 
blood vessels themselves play a part (Palvoglyi, 1 969b). 
The counterpart of the steal phenomenon has also been observed. A decline 
in arterial C02-tension in patients suffering from a brain tumour, led to an 
increase in cerebral blood flow in the pathological tissue according to Palvo­
glyi ( 1969a). Since then we speak of the inverse steal phenomenon, or counter 
steal phenomenon. It is thought to occur, though rarely, in patients with 
cerebral vascular insufficiency (Paulson et al., 1 970). 
2.3. Influence of the arterial 02-tension 
In numerous clinical experimental studies in humans, it has been demon­
strated that the cerebral blood flow increases as arterial 02-tension decreases, 
6 
whether the arterial COz-tension is controlled or not. There is, however, a 
threshold, before noticeable change occurs in the cerebral blood flow by 
decreasing Oz-tension. The threshold lies at about 50 mm Hg. A further 
decrease in Oz-tension causes a rapid increase in cerebral blood flow, the 
relation being restored according to a hyperbolic curve (Windso, 197 1 ). 
2.3. l .  Mode of action of Oz 
Although a direct effect of Oz on the vascular wall in vitro (circulatory 
experiments on isolated vascular walls) has been demonstrated, this is of little 
importance in physiological circumstances (Smith and Vane, 1966). Through 
a decrease in arterial Oz-tension, changes in cell metabolism develop. 
U nder aerobic conditions glucose breaks down into C02 and water, releasing energy, which is 
incorporated into high-energy phosphates. The process in which pyruvate is formed fi:om glucose, 
the glycolysis, requires no 02 but produces little energy. Pyruvate is metabolised, under aerobic 
conditions, in the tricarbonylic cycle. The high-energy phosphates themselve regulate the rate of 
metabolic response. 
Should a nerve cell require more energy for its function, then the high-energy phosphates will be 
consumed, leading to acceleration of metabolic response and increased energy production. In the 
case of reduced oxygen availability, the pyruvate will not be metabolised by the tricarbonylic cycle, 
but will accumulate as lactate. During hypocapnia, lactate formation increases, even when there 
are no signs of hypoxia (Leusen, 1950; McMillan and Siesjo, 1 97 1 ). 
Furthermore, the activity of certain enzymes e.g. the lactate dehydrogenase, is likewise dependent 
on the pH and with intracellular acidosis the lactate concentration may increase considerably 
(Siesjo et al., 1974). It has been observed, that neither the lactate concentration in the brain tissue, 
nor the pyruvate/lactate ratio, are a gauge for hypoxic tissue (Siesjo and Plum, 1 973).The cell has a 
small energy reserve at its disposal in the form of phosphoadenine nucleotides. Should the energy 
production decrease or cease altogether, the reserve will be required. 
The concentrations of the various phosphoadenine nucleotides reflect the rate of energy pro­
duction. 
Atkinson ( 1 968) proposes that the energy reserve can be expressed in the energy charge potential 
(ECP), according to the formula 
ECP = 
ATP + 0,5 ADP 
ATP + ADP + AMP 
The ECP remains unchanged and the oxidative phosphorylation functions adequately if the 
arterial 02-tension remains above 50 mm Hg. 
Should the arterial Oz-tension drop below 50 mm Hg, hypoxic metabolic 
changes develop. It has been demonstrated that the ECP drops and that 
lactate is produced (McMilland and Siesjo, 1 97 1 ;  Siesjo and Nilsson, 1 97 1  ). 
Evidence that lactate indeed originates in the anaerobic glycolysis, is given 
by the fact that lactate production can be prevented, with no increase in 
cerebral blood flow, when an insulin induced hypoglycemia diminishes the 
supply of substrate (Kogure et al., 1 970). This is supported moreover, by the 
clinical experience that a hypoxic hypoxia is better sustained than an ischemic 
hypoxia (Ekl0f et al., 1972; McMillan and Siesjo, 1 972). 
Lactate formation causes acidosis of the tissue, which affects the peri-
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vascular pH, resulting in increase in cerebral blood flow, counteracting 
hypoxic metabolic changes. 
2.3.2. Metabolic autoregulation of CBF 
The 02-tension in the tissue is subject to oscillations (Beau et al., 1972; Halsey 
et al., 1 974). The significance of this is not altogether clear. Severinghaus et al. 
( 1 97 1 )  propounds that the local tissue blood flow is intermittent. The pre­
capillary sphincters are in state of contraction. The oxygen present in the 
tissue is consumed while C02 accumulates. Acidosis of the tissue sets in, 
causing relaxation of the precapillary sphincter; the tissue blood flow in­
creases, the C02 is cleared and 02-tension in the tissue increases. Then follows 
constriction of the precapillary sphincter and the process repeats itself. The 
frequency of oscillation of the 02-tension in the tisue is related to the rate of 
metabolism. One may suppose therefore that the cerebral blood flow adjusts 
itself to metabolic requirements, which would indicate the possibility of 
metabolic autoregulation of the cerebral blood flow (Halsey et al., 1974; 
Reivich, 1974). 
More directly Raichle et al. ( 1 976) have shown a relationship between 
regional cerebral blood flow and functional activity of the brain. By using 
sophisticated isotope techniques they measured the regional cerebral blood 
flow as well as the corresponding regional cerebral oxygen consumption. 
From these simultaneous in vivo measurements there was good evidence that 
regional cerebral blood flow and oxidative metabolism are coupled normally. 
2.4. Influence of autoregulation 
Blood flow in the brain is determined by the perfusion pressure and the 
resistance encountered by the bloodstream in the vascular bed. 
Venous pressure is then negligible, merely 20-40 mm water higher than the 
pressure in the right atrium and is therefore usually ignored. In the brain, 
perfusion pressure is partly determined by intracranial pressure, which is 
under normal circumstances approximately 0- 10 mm Hg and is similarly 
negligible. In practice the perfusion pressure of the brain equals the mean 
arterial blood pessure. It has long been thought that the cerebral blood flow 
passively followed changes in blood pressure, following the idea that the bony 
skull is rigid and that the three compartments, brain tissue, CSF and total 
vascular volume, are incompressible. Although Danders demonstrated 
already in 1 890 that the cerebral vascular volume is subject to change, Fog 
( 1937) observed, using the skull window technique, that pial vessels clearly 
undergo a change in calibre with change in blood pressure. 
It is found that the cerebral blood flow is independent of changes in the 
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mean arterial blood flow (Lassen, 1964) and one speaks of autoregulation of 
blood pressure. When the blood pressure increases, the precapillary 
sphincters contract and vice versa. The cerebral arteries also appear to have 
the capacity for autoregulation following changes in intracranial pressure 
(Rapela and Green, 1 964; Zwetnow, 1968). 
Should the pressure within the skull increase considerable, the cerebral 
veins, being soft walled, are compressed and venous obstruction develops. 
Pressure in the venous system increases and perfusion pressure decreases. 
Change in blood pressure under normal conditions also gives rise to change in 
perfusion pressure and it is better to speak of the cerebral vascular capacity for 
autoregulation of change in perfusion pressure. 
2.4. l .  Limits of autoregulation 
Autoregulation takes place only within certain limits. There is an upper and 
lower limit and these are usually expressed in values of the mean arterial 
blood pressure (MABP). 
The lower limit lies at approximately 50 mm Hg (Lassen, 1964), whilst the 
upper limit has been identified in animal experiments (monkeys) at ap­
proximately 150 mm Hg (Ekstrnm-Jodal et al., 197 1 ). These limits probably 
apply also to humans (Johansson et al., 1 970; Strandgaard et al., 1975). (See 
fig. 2.2). Outside these limits autoregulation is lost and the cerebral blood flow 
passively follows the changes in blood pressure. These limits are valid in 
normocapnia. In hypercapnia there is a shift upside and vice versa (Paulson et 
... 80 
















MABP in mm Hg 
Fig. 2.2. Relationship between cerebral blood flow (CBF) and mean arterial blood pressure 
(MABP). (According to Lassen, 1959 and Johansson et al. 1 970). 
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al., 1 972). This shift is caused by a change in the perivascular pH, which 
determines the tonus of the smooth musculature of the arteries (Raichle and 
Stone, 1971) .  Autqregulation requires a certain amount of time. When the 
blood pressure changes, time is needed for the cerebral circulation to adjust. 
The time necessary for the adjusting process varies, according to the literature, 
from 30 seconds (Ekstrnm-Jodal et al., 1 970) to 2 minutes (Rapela and Green, 
1 964). 
2.4.2. Mode of action of autoregulation 
There are various explanations for autoregulation. Departing from a state of 
equilibrium, the difference between intravascular pressure, (Pi) and tissue 
pressure (Pt) equals transmural pressure (Ptm}, also expressed as Ptm = Pi -
Pt. The transmsural pressure is in direct proportion to the circumferential 
tension (i.e. the tension in the bloodvessel wall, Tc) and inversely proportional 
to the radius, r, of the blood vessel: Ptm = Tc/r. With increasing blood 
pressure, whereby intravascular pressure changes, a state of equilibrium 
might be maintained if tissue pressure should increase. This appears, however, 
not to be the case (Zwetnow, 1970). Thus transmural pressure increases and in 
compensation, the circumferential tension will increase, or the radius of the 
blood vessel decrease, or both. The phenomenon that the calibre of a blood 
vessel is subject to alteration by changing transmural pressure, is ascribed to 
physical properties of the smooth muscular tissue and is known as the 
Bayliss-effect (Bayliss et al., 1 895). 
The capacity of smooth muscle tissue to respond to pressure changes, has 
indeed been demonstrated, although only for that of the intestines (Folkow, 
1 964). 
Another explanation is that by decreasing perfusion pressure, clearance of 
metabolites from the tissue is less easily achieved and some, notably C02, may 
accumulate. In addition metabolic changes may occur, probably through 
small changes in the ECP (Eklof et al., 1 972), which altogether result in 
acidosis of the tissue and reduction of the perivascular pH, with vasodilatation 
as a consequence. 
2.5. Influence of neurogenic regulation mechanism 
The influence of neurogenic regulation mechanism on cerebral blood flow is a 
point of contention. Cerebral arteries are well surrounded by nerve fibres. 
Stohr ( 1 922) has already described myelinated and non-myelinated fibres, which seems to indicate 
that these fibres are autonomic. Sympathetic fibres originate from the stellate ganglion and the 
superior cervical ganglion and pass along the vertebrate plexus and the carotid plexus to the brain. 
Parasympathetic fibres are derived from the pons and reach the carotid plexus by way of the 
major superficial petrosal nerve. 
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Following blood flow experiments with isolated pieces of cerebral vascular 
wall, adrenergic receptors of the ex type and 13- 1 type have been demonstrated 
(Edvinsson and Owman, 1974). Cholinergic receptors have also been found 
(Deshmukh et al., 1 975). 
Evidence of a definite influence on the cerebral blood flow through ex­
perimental section of the cervical sympathetic nerve (Harper et al., 1 972), 
blocking of the stellate ganglion (Lassen, 1959; White, 1963), or pharmaco­
logical block of the autonomic ganglia (Lassen, 1 959; Sokoloff, 1959) has not 
been demonstrated. 
Clinical experience with patients suffering from cerebrovascular insuf­
ficiency who underwent a sympathectomy, has given no indication of 
improvement in cerebral blood flow (Shenkin, 1 969). 
Stimulation experiments of the sympathetic nerves give conflicting results. 
James et al. ( 1 969) observed a contraction of pial vessels and a decrease in 
cerebral blood flow, but others have not been able to confirm this (Harper et 
al., 1 972). 
It has recently been demonstrated that after stimulation of the sympathetic 
nerve in monkeys the upper limit of autoregulation shifts upside, whereas the 
permeability of the blood-brain barrier diminishes (Edvinsson et al., 1 976). 
Nevertheless, the physiological significance of this is not clear, as others 
have not been able to demonstrate neurogenic influence on autoregulation 
(Fitch et al., 1 975; Hernandez et al., 1 97 1 ;  Skinh0j, 1 972). 
2.5. l .  Influence of central adrenergic regulation mechanism 
Although cerebral arteries are amply surrounded by nerve fibres, they could 
only be demonstrated initially near the larger cerebral arteries. 
With the refined techniques (electron microscopy, fluorescence his­
tochemistry), nerve fibres around the smaller, parenchymal arteries and 
arterioles have been detected (Falck et al., 1 968;  Nelson and Rennels, 1970). 
Attempts to cause degenerating of these fibres possessing adrenergic qual­
ities, by experimental section of the peripheral autonomic nervous system, 
had no success (Owman et al., 1974) and it is assumed that these fibres 
orginate in the central nervous system itself, notably in the locus caeruleus and 
other nuclei of the brainstem (Ungerstedt, 197 1 ) .  It is likely to speak of a 
central adrenergic system. 
Up the present time, it has not been demonstrated that the central 
adrenergic system innervates the smooth muscle fibres of the cerebral 
arterioles and given the distance between axon and smooth muscle fibre, this 
seems highly improbable (Lindvall et al., 1975). 
It has been demonstrated recently that during experimental trauma and 
ischemia of the brain and spinal cord, catecholamines in the parenchyma are 
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released massively, thereby causing structural damage apart from influencing 
metabolism (Kovach, 1970, Meyer et al., 1 973). 
The effect on metabolism is similar to the phenomena which develop after 
intoxication with 2.4-dinitrophenol, a compound which is known to uncouple 
oxidative phosphorylization (Pausescu et al., 1 967; Teraura et al., 1972). 
It is assumed that the central adrenergic system forms a regulating factor of 
the oxidative phosphorylization, through the release of catecholamaines. Via 
metabolic changes, whereby finally lactate production is stimulated, which in 
turn causes change in the perivascular pH, the central adrenergic regulating 
mechanism does not essentially distinguish itself from other metabolic regu­
lating processes. 
2.5.2. Significance of neurogenic control 
There is substantial evidence to classify the cerebral arteries in an extra- and 
intracerebral portion (Samarasinghe, 1 965). Branches of arteries penetrating 
the brain parenchym, are invested with a leptomeningeal sheath. This sheath 
forms one boundary of the perivascular space, the meningeal sheath of the 
brain parenchym forming the other. At the arteriolar level the perivascular 
space is terminated by fusion of the leptomeningeal membranes. The vessel 
above this level is defined as extracerebral and below this level as intracere­
bral. 
In the light of these data Deshmukh et al. ( 197 1  ), proposed a theory of dual 
regulation of cerebral blood flow. The intracerebral portion of arteries is 
regulated locally by the products of cerebral cellular metabolism or by 
changes in blood gases. 
The central adrenergic mechanism is to be considered as part of the meta­
bolic regulation. 
The extracerebral portion of arteries, on the other hand, is predominantly 
under control of the peripheral autonomic system, which by stimulation in its 
function is part of an integrate vascular response, whereby the pulse volume is 
redistributed and cerebral and coronary circulation take preference (Feig! 
and Folkow, 1 963). 
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CHAPTER 3 
METHODS FOR MEASUREMENT CEREBRAL 
BLOOD FLOW 
WITH SPECIAL EMPHASIS TO THE METHODS USING INERT, 
FREELY DIFFUSIB LE INDICATORS. 
3 . 1  Introduction 
There are many methods to measure the cerebral blood flow. The ideal 
method for measuring cerebral blood flow should be sufficiently sensitive, 
quantitative and non-traumatic. In addition, continuous measurement should 
be possible in order to register swift brief changes and also regional changes in 
cerebral blood flow. Up till the present day, there is no existing method 
neither clinical nor experimental, which satisfies all these conditions. All 
methods have their shortcoming. Furthermore with the various methods, 
different quantities are measured. 
3 .2. Survey of various methods 
A comprehensive account of each of the many methods for measurement of 
cerebral blood flow is outside the scope of this study. The presentations are 
brief, but the more important methods are referenced and some account is 
given of advantages and disadvantages. For more detailed information, 
reference is made to recent overvieuw texts ("Blood Flow Measurement" by 
Roberts ( 1 972) and "Clinical blood flow measurement" by Woodcock ( 1 976)). 
Nevertheless a number of methods will be mentioned, which can be sub­
devided in: 
Methods, measuring blood flow in neck arteries. 
- Ultrasonic Doppler technique. 
Ultrasonic pulse detection is a quick, atraumatic method for the deter­
mination of blood velocity in arteries (Kristensen, 1 967). With this tech­
nique no quantitative flow data can be obtained and it can be concluded 
that it is not possible to obtain reliable information about the cerebral 
perfusion. 
Electromagnetic flowmetry. 
This method has been used in man intra-operatively after exposure of the 
neck arteries (Boysen et al., 1 970) and is generally accepted as reliable, but 
only the flow in the individual vessel is measured and it can be difficult to 
assess its significance in terms of cerebral perfusion (Rowan et al., 1970a). 
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Autoradiography (Landau et al., 1 955; Reivich et al., 1 969). 
Using autoradiographic methods, measurements of the regional blood 
flow throughout the entire brain can be performed simultaneously in 
experimental animals. It is however technically difficult and time con­
suming and has the disadvantage that the animal must be killed. 
Methods, using non-diffusible indicators. 
Indicator dilution technique (Nylin et al., 1 960). Bilateral puncture of the 
carotid arteries and jugular veins is required and no regional flow infor­
mation is obtained. 
Transit time measurements (Oldendorf, 1 962; Rowan et al., 1 970b). 
The transit time can be measured with x-ray contrast medium and 
seriographic pictures or with radioactive indicators. It cannot be used for 
measurements of flow, because knowledge of the intravascular volume is 
required. This volume differs within and between different subjects and is 
not determined with these techniques. 
Methods, using inert, free diffusible indicators. 
Inhalation, with arterio-venous sample taking (Kety and Schmidt, 1945). 
Arterial injection and external detection (Lassen and Ingvar, 1 96 1 ;  Ingvar 
and Lassen, 1 962). 
Inhalation and external detection (Veall and Mallett, 1 966; Obrist et al., 
1 967, 1 975). 
3 .3 .  Methods, using inert free diffusible indicators 
In a clinical setting the methods using inert and free diffusible indicators are 
used most frequently. For this reason these methods are described in more 
detail. The first results with a technique, using this method, were published in 
1 945 by Kety and Schmidt. 
3 .3 .  l .  The Kety-Schmidt technique 
The Kety-Schmidt technique is an inhalation method, using nitrousoxide as 
indicator, which was inhaled during 1 0  minutes. If the nitrousoxide concen­
tration be determined in arterial and cerebral venous blood for a 10 minute 
period from the beginning of the inhalation of a low concentration of this gas, 
curves will be obtained similar to the typical ones in fig. 3. l .  
The venous concentration curve is a fairly complex function of the arterial 
curve and the cerebral blood flow, but from these curves the cerebral blood 
flow can be calculated by the application of the Fick principle. 
The Fick principle, as already formulated in 1 870, is based on the principle 
of conservation of matter. In its simplest form it postulates that the amount of 
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minutes of inhalation 
Fig. 3.1. Arterial (A) and cerebral venous (V) curves of nitrous oxide (N20) concentration during a 
ten-minute periode of inhalation of 15% N20. 
any inert substance taken up in a given time by an organ from the blood, is 
equal to the total amount of the substance carried to the organ by the arterial 
inflow minus the amount removed my the venous outflow during the same 
time period. 
Let Q(t) be the amount ofnitrousoxide taken up by the whole brain in time 
t measured from the start of inhalation, QA(t) the quantity carried to the brain 
by the arterial blood in time t, Qv(t) the quantity removed by the cerebral 
venous blood in time t. From the Fick principle : 
Q(t) = QA(t) - Qv(t) I. 
but since CA and Cv, the arterial and venous nitrousoxide concentrations 
respectively, are variables with respect to time 
t 
QA(t) = F f CA(t). dt 2a. 
0 
t 
and Qv(t) = F f Cv(t). dt 2b. 
0 
in which F is the total cerebral flow. 
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t 
Q(t) = F f {CA(t)- Cv(t)}. dt 3. 
0 
or 4. t 
f {CA(t) - Cv(t)}.dt 
0 
If time t is long enough, equilibrium will have occurred between brain tissue 
and blood leaving the brain, with respect to the indicator concentration. 
According to Kety ( 1 95 1 )  the ratio of the concentrations of the indicator in 






The amount of indicator in the brain, Q(t), equals the product of its concen­
tration C(t) and the mass of the brain, M 
Q(t) = C(t).M 
Rearrangement of (6) and substitution in (5) gives 




When ti: = f is the cerebral blood flow, in terms of unit mass of brain, 
substitution of (6a) in ( 4) results in: 
f = � = ___ c_v_(t_) ._"A __ _ 7. 
M t 
f {CA(t)- Cv(t)).dt 
0 
Therefore, cerebral blood flow per unit mass of brain can be calculated from 
the indicator concentrations in arterial and cerebral venous blood samples, 
measured at regular intervals. 
3.3.2. Modifications on the Kety-Schmidt technique 
Although the method of Kety and Schmidt is well-founded theoretically, it 
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has some practical disadvantages. In brain regions with slow blood flow it is 
unlikely that the equilibrium of nitrousoxide between tissue and blood will 
have reached during the time of IO minutes, resulting in an over-estimation of 
the blood flow. 
Extension of the equilibrium period would minimize this error, with the 
disadvantage that the blood flow in the brain during the measurement 
underwent variation. An other problem was, that, however, nitrousoxide 
appeared not inert and may cause drowsiness and paresthesias in the ex­
tremities. For this reason and because of the time consuming and tedious 
analysis of nitrousoxide blood samples different indicators has been sought. 
Lassen and Munck ( l  955) introduced in the Kety-Schmidt technique the 
radioactive krypton-85 as indicator. 
3.3.3. Development of the clearance technique 
A very significant modification was the principle proposed by Lassen and 
Ingvar ( 1 96 1 ). Krypton-85 was injected in the carotid artery and the beta 
radiation was measured. The maximum range of krypton-85 beta rays in 
tissue is only 2.6 mm. Therefore, the use of beta counting techniques is limited 
to measuring blood flow in the exposed brain cortex. The first application in 
man was performed by Ingvar and Lassen ( 1 962), during a neurosurgical 
operation. Using gamma radiation of krypton-85, it was possible to measure 
the clearance of the isotope over the intact skull, with no other procedure than 
puncture or cannulation of the carotid artery (Lassen et al., 1 963). 
The radioactive characteristics of krypton-85 permit a good counting 
efficiency, because of the high energy of its gamma radiations (5 IO KeV). 
But the physical half-life of this isotope is rather long, I0.5 years and only 
0.4% of its emissions are in the form of gamma rays. Because of these disad­
vantages Glass and Harper ( 1 963) have turned to another radioactive inert 
gas, xenon- 1 33. The latter is also a gamma emitter (99% of its incident 
radiations) with an energy of 8 1  KeV. However, because of the low energy of 
its gamma radiation, its usefulness is hampered by self-absorption in the 
tissues, leading to a significant degree of Compton scattering. 
The quantity of isotope injected to permit good counting rates is for 
xenon- 1 33 low in comparison to krypton-85, resulting in a lower radiation 
dose to the brain. At present day xenon- 1 33 has been more widely used for 
measurement of cerberal blood flow in both clinical and experimental studies. 
3.4. Principles of calculation cerebral blood flow from the clearance curve 
For understanding the clearance technique we consider a simple model (Fig. 
3.2). The brain, for simplicity considered as a homogeneous tissue, has an 
afferent and efferent blood supply with constant flow F (ml.min-1). 
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Fig. 3.2. Measurement of blood flow F (ml.min- 1) in homogeneous tissue. The tissue (circular 
area) at time t has activity Q(t), a proportion of which (N Q(t)) is recorded by detector D, while 
Cv(t) is the concentration of activity in venous cerebral blood. 
A detector views the entire organ and measures the quantity of radioactivity 
of the radioactive indicator, Q, within the brain. The radioactive indicator is 
introduced abruptly through the brain. Immediately after the indicator has 
been delivered, the brain contains an amount of activity, Q(o). Because the 
indicator is soluble in both the tissue and blood, radioactivity is continuously 
removed from the organ by the blood passing through it, and the rapidity with 
which the activity diminishes in the organ depends upon the blood flow. 
Equation (3) can be written as 
dQ = F. {CA(t) - Cv(t)}.dt 
After the initial injection the arterial concentration CA drops to zero. 
dQ = - F.Cv(t).dt 
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Equation ( 1 1 ) integrated 









ln -- = - --.t Q(o) A.M 
F Q(t) = Q(o).e-,.M ' 
1 2. 
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Kety ( 1 95 1) has shown that the clearance of an inert, free diffusible indicator 
from a homogeneous tissue compartment takes place according equation ( 14). 
Calculation of � (the flow per unit mass) is obtained from the slope S of 
h · 1  . h . l Q(t) . t e semi ogant m1c p ot -- versus time 
Q(o) 
F 
(see fig. 3.3): -- = - A..S 
M 
ln Q ( O l  
0 3 6 9 
s = -t g  0 
f = -A .  s 
1 5 .  
12 
minutes 
Fig. 3.3. Graphical determination off for a single compartment tissue is obtained from the slope of 
the semilogarithmic plot of in Q(t) versus time. 
3 .4. 1 .  Compartmental analysis 
The compartmental analysis is founded on the supposition that the brain 
tissue is composed of several parallel linked homogeneous compartments i, 
each with a flow F,, a mass M,, an indicator concentration C, and a partition 
coefficient A.,. The blood flow in each compartment can be represented as in 
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Fig. 3.4. Measurement of blood flow in a two compartment model (upper). The recorded activity 
QT(t) reflects flow through both compartments. Lower the semilogarithmically plotted clearance 
curve (In QT(t)) decomposed in a fast (In Qt{t)) and a slow (In Qs(t)) component. From the slopes of 
these components the corresponding flows can be calculated. 
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which S, is the slope of the semilogarithmically plotted clearance curve of the 
i1h compartment. 
Several mathematical techniques are available for calculation of f, for 
multicompartment systems, the simplest being the peeling method (Foss, 
1 969). 
It is shown that for practical reasons the clearance curve can be dissolved in 
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two exponential components representing the flow in the grey and white 
matter respectively (H0edt-Rasmussen, 1 967; Wilkinson et al., 1 969). 
The capillary density in the grey matter is greater than it is in the white 
matter. The usual interpretation of biexponential clearance curve, is that the 
"fast" exponential component represents the clearance of the grey tissue 
compartment and the "slow" exponential term the clearance of the white 
tissue compartment. By determining the slopes of the two exponential terms, 
it is possible according to equation ( 1 6) to calculate the compartmental 
specific flow for grey and white matter (see fig. 3 .4). 
3.4.2. Initial slope analysis 
The initial slope analysis is a further simplification in the calculation of 
cerebral blood flow. The basic underlying idea is that the flow in the grey 
matter dominates the initial part of the clearance curve. This dominance is so 
marked that the initial two minutes of the clearance curve can be regarded as 
monoexponential for all practical purposes. By fitting the exponent of the 
initial segment of the clearance curve, the cerebral blood flow can be calcu­
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Fig. 3.5. Initial slope analysis supposes an almost monoexponential clearance curve in the first 2 
minutes (for practical reason from the 1 5th to the 6Qth second). From the slope of the initial 
segment, the flow in the fast compartment can be approximated, usually expressed as the initial­
slope-index. (ISi). 
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Despite a certain possibility of arbitrariness in the curve approximation, 
this value represents a reliable measure for cerebral blood flow, especially of 
grey matter. Because it is an approximation of the flow in the grey matter, it is 
more likely to speak of an index. With Paulson et al. ( 1969) the exponent of 
the fitted curve in the first two minutes is called the initial-slope-index (ISi). 
Because the clearance curves show an initial vascular peak, due to the first 
arterial passage of the radioactive bolus, in practice curve fitting is carried out 
from the 15 1h to 601h second, and from the slope of this segment, the initial 
cerebral blood flow is calculated. 
3.4.3. Stochastic analysis 
A commonly employed alternative approach to the measurement of blood 
flow is the stochastic or non-compartmental approach (Zierler, 1965). Here is 
concerned the relationship between Qv(t) and Q as defined by equation (6a). 
Now, however, we do not require that at every time the rate of change of Q 
with respect to time is proportional to Q. Rather we look at total amount of 
indicator over all times, expressed as Qr. Thus, equation (9) is integrated from 
t = O to t = oo  
Or<"'> C\) 
f dQ = - f FCv(t).dt 
Q-r(o) a 
Substitution of equation (6b) in equation ( 17) yields 
Or<"'> F "" f dQ = - - f Q(t).dt 
Qr(o) A..M o 
Because Qr(oo) = 0, therefore 
F C\) 
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For a bolus inj ection Qr(O), the activity injected may be approximated by the 
maximum height Hmax of the activity time curve (fig. 3 .6). The area A under 
the curve gives the denominator of equation (20), which can be expressed as 
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F Hmax - = }... --
M A 
2 1 .  
Calculation of the cerebral blood flow by means of this method is known as 
the stochastic analysis or "height-over-area"(Zierler, 1 965). 
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Fig. 3.6. Height-over-area approach to the measurement of cerebral blood flow. The maximum 
recorded activity, H max. occurs a time t = O. The difference of the maximum height and the height 
after 10 minutes (H 10), is taken as the "height", while the area under the clearance curve during the 
first 10 minutes (A10) is taken as the "area". 
For the determination of the area under the clearance curve it must be 
extrapolated to infinity. Because of the multiexponential character of the 
clearance curve, such an extrapolation is difficult to perform accurately. The 
extrapolation problem is also involved in the nitrousoxide inhalation technique 
of Kety and Schmidt (see section 3.3. 1 ). 
Here was assumed that equilibrium is reached after an uptake period of 1 0  
minutes. Based o n  the same assumption a simplified "height-over-area" 
method has been proposed (Lassen and H0edt-Rasmussen, 1 966). The dif­
ference between the maximum height and the height after 10 minutes in taken 
as the "height" (H 10), while the area under the clearance curve during the first 
IO minutes (A10) is taken as the "area". 
After extrapolation equation (2 1 )  yields 
F 
M 





3 .5. Conditional considerations of the clearance technique 
For the mathematical models, as mentioned in the previous sections, certain 
conditions are made to the characteristics of the indicator to be used. They 
must be freely diffusible into the tissue in which perfusion is to be measured. 
They may not be metabolised or sequestered in the tissue, since the flow 
measurements depend on the assumption that the indicator is diffusing freely 
back into the blood. 
The noble gases nearly satisfy these conditions. Since they are lipid soluble, 
they cross the cellular membrane of capillary endothelium and diffuse into 
the tissue. Since they are inert, they are not metabolised. 
The mathematical models require a delta or instantaneous input function. 
This is accomplished by the direct injection of the indicator into the arterial 
supply of the brain. 
The injection of the gas dissolved in saline into a catheter with subsequent 
flush to push the bolus into the brain requires at least one or two seconds. The 
time for the indicator to diffuse into the tissue is short relative to the clearance 
time, and does not significantly affect the accuracy of the technique. Once the 
indicator has diffused intQ the tissue, the brain is perfused by indicator-free 
blood, setting up a concentration gradient between the tissue and blood. 
The rate at which the indicator diffuses back into the blood depends on the 
flow through the tissue and the partition coefficient between blood and tissue 
(about the partition coefficient see section 5.7.3). The more rapid flow, the 
more rapid clearance from the tissue. The indicator in venous blood from the 
brain, leaves the body via perfusion and ventilation in the lungs. This is not 
strictly correct because of a fraction of the gas in the pulmonary capillary 
blood remains in equilibrium with alveolar air and contributes to the recir­
culation of some gas to the brain. The extend of indicator recirculation has 
been studied by H0edt-Rasmussen et al. ( 1 966) and demonstrated that by 
injecting a usual dose radioactive indicator into the contralateral internal 
carotid artery, or into a vein, the radioactive background activity in the 
ipsilateral hemisphere showed practically no increase. 
3.6. Measurement of regional cerebral blood flow 
Originally the measurement of the cerebral blood flow according to the 
clearance method, using a radioactive, inert and freely diffusible indicator, 
was carried out with one detector and provided numerically a mean cerebral 
blood flow value. 
Regional changes in cerebral blood flow could not be measured. By appli­
cation a greater number of detectors the clearance in several tissue areas could 
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be determined simultaneously. From the clearance curves could the cerebral 
blood flow be calculated, this being known as the regional cerebral blood 
flow. Studies have been published concerning measurements using 4 (Ingvar 
et al., 1 965 ; Zingesser et al., l 969) and even 1 6  detectors (Wilkinson et al., 
1 969). Except for problems of collimation, (see section 5.3), the speed of data 
processing began to have practical significance. Yet when computers were put 
to use, regional measurements could be carried out with 32, 35 and even 254 
detectors (Sveinsdottir et al., 1 969; Kassel and Reivich, ( 1 97 1). 
3 .7 .  Development of the inhalation technique 
An important disadvantage for clinical application of the injection tchnique, 
however, is the necessity of arterial puncture. For this reason Mallett and 
Veall ( 1 963) developed a method of indicator administration by inhalation, 
similar to the method of Kety and Schmidt, but combined with extracranially 
recording of a clearance curve. The clearance found here is much slower than 
in the injection technique. The causes mentioned are recirculation of the 
indicator and contribution of extracerebral tissue to the clearance curve. 
In a subsequent publication Veall and Mallett ( 1 966) reported a method for 
correction for recirculation by means of the recorded radioactivity of the 
expired air. 
To take account to the contribution of extracerebral tissue of the clearance 
curves, Obrist et al. ( l 967) prolonged the observation time of the clearance 
curves to 50 minutes. The head curve was deconvoluted with the recording of 
the radioactivity of the expired air. The obtained curve was fitted with a 
three-exponential model. The slowest exponential term was ascribed to the 
clearance of extra-cerebral tissue. The other exponential terms were ascribed 
to grey and white tissue compartments. Disadvantages of their method are the 
complexity of the analysis, the necessity of a high radioactivity level to obtain 
reliable results and the long recording time. 
Since the flow in grey tissue is of main interest, Obrist et al. ( l 975) studied 
the validity of the inhalation technique with the uptake periode reduced to l 
minute, an observation time of l O  minutes and with a two-exponential ap­
proach. In this model it is assumed that the fast component represents the grey 
tissue. The second component is less meaningful, because of extracerebral 
contamination. As a consequence, the flow for the white tissue cannot be 
calculated. 
3.8 .  Conclusions 
A comparison between regional cerebral blood flow values obtained from the 
arterial injection technique and calculated by the initial slope index (ISi) and 
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by the stochastic analysis was made by Sveinsdottir et al. ( l 97 l a). They 
showed that the ISi-method, though theoretically erroneous contained in 
practice the same information as that obtained from the more laborious one, 
but theoretically more correct stochastic analysis method. It was even found 
that the reproducibility of the ISi-method was slightly better than that of the 
stochastic analysis. 
As well obtained from the arterial injection technique, a good linear corre­
lation between ISi-method and the mean cerebral blood flow given by 
compartmental analysis was affirmed (Doyle et al., 1975). 
The results of cerebral blood flow measurement obtained from the inha­
lation technique according to the approach of Obrist et al., ( l  975) compared 
with the results of the arterial injection technique, showed a good correlation, 
although there is still a systematic deviation (Reivich et al., 1975). 
The ISi-method of calculating cerebral blood flow applied to the inhalation 
procedure of Obrist was evaluated by Risberg et al. ( 1 975). This technique 
combines the advantage of a short recording needed for the ISi-determination 
with that of an atraumatic indicator administration. 
It can be concluded that arterial injection and the inhalation technique give 
reliable and comparable results of cerebral blood flow measurements, apart 
from a systematic deviation. 
The advantages of the inhalation technique are that it is atraumatic and can 
be used for follow up measurements within one patient and that both hemi­
spheres can be mutually compared in one measurement. 
The advantage of the arterial injection technique is that, applied for regional 
measurements a resolution can be reached allowing to see fine details, not 
seen with the inhalation technique. 
Although, on account of the non-traumatic nature, the inhalation tech­
nique seems to have the future and be preferable to the injection technique, 




LITERATURE SURVEY OF RESULTS OF 
CEREBRAL BLOOD FLOW MEASUREi\1ENTS 
4. 1 .  Introduction 
In the compilation of this literature survey is not striven after a complete 
bibliography on cerebral blood flow. 
References with a real contribution to the problems concerned with 
regional cerebral blood flow are included and some references are mentioned 
because of historical interest. 
4.2. Normal values of cerebral blood flow 
In the case of healthy, normal, awake humans, in a normal state of relaxation, 
the mean CBF measured according to the method of Kety and Schmidt 
( 1 945), is approximately 54 ml.min-1 per 100 g. With the intra-arterial injec­
tion method of Lassen and Ingvar, similar results have been obtained, irre-
Table 4. l .  Mean CBF-values i n  awake conscious control subjects, without demonstrable organic brain 
disease, calculated from compartmental or stochastic analysis. 
Author No. of No. of Mean Indicator CBF CBF Paco2 
subjects probes age (comp.) (stoch.) 
Lassen et al. ( 1 963) 6 2 45 krypton-85 60± 1 3  
Ingvar and Lassen ( 1965) 7 4 2 1 -47 xenon- 133 50 50 ± 5  38,6 
(C.V. = 1 1 )  
Fieschi et al. ( 1 966) IO 4 52 krypton-85 45 ± 6 42 ± 5  4 1 ,6 
(C.V. = 16) 
Heedt-Rasmussen ( 1967) 9 krypton-85 50 50± 8  40 
xenon- 133 (C.V . =  
9,3 ± 2,5) 
Zingesser et al. ( 1 968) 10 4 33 xenon- 1 33 54 ± 6  
(C.V. = 
1 1 , 1 ± 3,4 
Wilkinson el al. ( 1969) IO 1 6  46 xenon- 133 5 1 ± 9 53 ± 6  45 
McHenry et al. ( 1 969) 5 8 xenon- 133 52 ± 3  54 ± 3  39 
Jaffe et al. ( 1 970) 5 8 xenon- 133 54 ± 6  39 
(C.V. = 1 1 ) 
Olesen el al. ( 197 1 )  8 35 52 xenon- 133 50 ± 5  41 ,5 
Sveinsdottir et al. ( 1 971 b) I I  32 38 xenon-133 53 5 1 ± 5  39 ± 3  
Herrschaft ( 1973) 22 10 xenon- 133 57 ± 12  40 
Legenda: CBF expressed in ml. min-1 per JOO g.: comp. = compartmental analysis: stoch. = stochastic 
analysis: C.V. = coefficient of variation, expressed in %;  PaC02 expressed in mm Hg. 
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spective of whether the calculation was made according to the compartmental 
analysis or the stochastic analysis. Table 4. 1 gives an oversight of the results 
from a number of centres, as recorded in literature. As has already been 
mentioned in section 3.4.2, the values calculated from initial slope analysis are 
somewhat higher and in table 4.2 a number of literature recordings will be 
given. 
Table 4.2. Mean CBF values in awake conscious control subjects, without demonstrable organic brain 
disease, calculated from initial slope analysis. 
Author No. of N o. of 
subjects probes 
Ingvar and Lassen ( 1965) 7 4 
Wilkinson et al. ( 1969) 10 16 
Olesen et al .  ( 197 1)  8 35 
Sveinsdottir et al. ( 1 97 1  b) I I  32 
Overgaard and Tweed ( 1 974) 6 35 
Mean Indicator 
age 
2 1 -47 krypton-85 
46 xenon- 133 
52 xenon- 1 33 
38 xenon- 133 
xenon- 133 
CBF(init.) PaC02 
55 ± 6  38,6 
60± 14 45 
64 ± 9  
(C.V = 8,2 ± 1 ,2) 4 1  
60 ± 5  39 
58,7 ± 6.7 37,5 
Legenda: CBF expressed m ml. mm-1 per 100 mg.; init. = initial slope analysis; C.V. = coefficient of 
variation. expressed in %:  PaC02 expressed in mm Hg. 
In some studies the authors impart the experimental error in the measure­
ments, expressed as the coefficient of variation. 
It is seen that with a decline in consciousness, as in stupor or coma, the CBF 
decreases, while during a state of alertness or excitement an increase is found 
to take place (Ingvar and Lassen, 1 976). It would seem that the CBF is 
somewhat higher in children than in adults and achieves normal (adult) 
values at about the age of twenty. This remains unchanged untill about the 
sixtieth year, when a gradual decrease is found to take place (Kety, 1956). It is 
possible that the increased CBF in children is an artefact, caused by fear of the 
examination and pain-reaction, factors which are known to relate to increased 
cerebral metabolism and increased CBF (Ingvar et al., 1975). 
During sleep the mean CBF may show changes which are dependent on the 
stadium of sleep. During orthosleep, the phase in which the electroencepha­
logram depicts slow wave patterns, the CBF remains unchanged, but during 
the paradoxical or REM-phase, in which rapid eye movements occur and the 
electroencephalogram is characterized by increased activity, the mean CBF 
appears to increase (Reivich et al., 1 966). 
4.2. l .  Regional pattern of cerebral blood flow 
Apart from the fact that the global CBF can vary depending on the functional 
state of the brain, the CBF can also differ considerably locally. During rest, 
when the patient lies relaxed with closed eyes and plugged ears, there are 
marked regional differences. The frontal regions have the highest flow, a 
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phenomenon known as the "hyperfrontal pattern'', whereas the parietal 
region has medium and the temporal region has lowest blood flow (Ingvar and 
Schwarz, l 974; Ingvar, l 975a). These normal regional blood flow differences 
during rest, sometimes known as the "landscape pattern'', may vary with 
different forms of cerebral activity. 
4.2.2. Activation patterns of regional cerebral blood flow 
Olesen ( l 97 l )  was the first to demonstrate that by any given motor activity 
(vigorous fist clenching), the CBF in the contralateral motor cortex increased. 
When a finger is electrically stimulated, the CBF in the contralateral sensory 
cortex increases, but when the stimulus is intensified in such measure as to 
cause unpleasant or even painful sensation, the CBF increases in the entire 
contralateral hemisphere, but most strongly in the frontal and pre-central 
regions (lngvar et al., 1 975). These effects appeared to be demonstrable by 
other investigators, but were amplified by the rather surprising observation 
that, with motor activity, the post-central and with sensible activation 
specifically the pre-central cortex regions increase in flow; this is known as the 
sensory-motor paradox (Ingvar and Sedgwick, 1 975; Ingvar, l 975a). 
During reading and talking changes are observed in the blood flow pattern 
of the dominant hemisphere and similar patterns are seen in these changes. 
The regions which show an increased CBF form together the figure Z, 
localized in the pre-motor and motor cortex (especially the facio-lingual area) 
and the cortex adjacent to the fissure of Sylvius. In addition, reading causes 
increased flow in the occipital regions (Ingvar and Schwarz, l 974). With 
various psychometric examinations, such as the recognition of pictures and 
forms, the recital of a cipher series, memory tests (Risberg and Ingvar, 1 973 ; 
Ingvar, l 975a), and also with stereognosis (Roland and Larsen, 1 976), a more 
or less definite pattern in regional CBF can be observed. 
4.3. Dementia and hydrocephalus 
Fundamentally dementia and hydrocephalus are unrelated neurological dis­
eases. The reason that these affections are often treated contiguously in 
literature, is perhaps the fact that in the condition usually referred to as 
normal pressure hydrocephalus, dementia is one of the most impressive 
symptoms. Reduction of CBF in some cases of dementia has long been 
recognized (Lassen et al., 1 957). Recognition of differences in CBF in the 
various types of dementia has been beset by difficulties in clinical classifi­
cation and in correlating clinical features with pathological findings. 
A reduction in mean hemispheric blood flow is found in senile and 
presenile dementia, the reduction being roughly proportional to the degree of 
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dementia (Ingvar et al. ,  1968; Simard et al. ,  197 1 ). In the regional pattern 
reduction of blood flow particularly in the frontal and temporal areas has 
been emphasized (Simard et al. ,  1 97 1 ), while in patients with presenile 
dementia a reduction in CBF was found conforming to the nature of the 
cognitive defect (Hagberg and Ingvar, 1976). 
On the other hand some workers could not confirm these correlations and 
found in "primary degenerative" dementia normal CBF-values, whereas only 
in "multi-infarct" dementia a decreased CBF was established (Hachinski et 
al., 1 975). 
The onset of hydrocephalus is correlated with a decrease in CBF, presum­
ably due to greater resistance in the cerebral capillary bed (Greitz, 1969). Also 
in the condition usually referred to as normal pressure hydrocephalus, CBF is 
found to be reduced. CBF-shunting procedures were reported to restore 
CBF-values to normals levels (Salmon and Timperman, 1 97 1  ), and increasing 
CBF, after the CSF pressure was lowered by lumbar puncture, was reported to 
be a good indicator of successful outcome of CSF-shunting and a useful aid in 
differentiating normal pressure hydrocephalus from other dementias 
(Mathew et al., 1 975). Nevertheless others (Grubb et al., 1977) could not 
confirm this opinion. 
4.4. Cerebrovascular diseases 
4.4. 1 .  Cerebral ischemia 
Cerebral ischemia is generally the consequence of regional stenosis or oc­
clusion of the main supply vessels to the brain. The pathophysiology of 
regional ischemia is very complex. Areas of no-flow or low-flow are sur­
rounded by regions of reactive hyperemia, causing different degrees of 
ischemic cell damage. Complete interruption of the cerebral circulation sets 
up a closed system in the brain with a failure to provide exogenous energy 
substrate, together with failure to remove accumulated metabolites. The brain 
can survive for approximately 2 to 4 minutes before tissue energy stores are 
exhausted and ischemic damage to brain tissue begins. In general as a result of 
ischemia zones with different degrees of tissue damage might be expected to 
occur. 
The most extensive damage will be in a central zone ofischemia with almost 
total cessation of circulation. Initially there is an decreased tissue pH due to 
accumulation of lactate together with an increase in C02-tension caused by 
failure to remove C02 in venous blood. A progressive fall in tissue 02-tension 
results in a complete failure of energy metabolism with a decrease in ex­
tracellular sodium and an increase in extracellular potassium as cell mem­
brane "pumps" become progressively impaired. Eventually the electroen-
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cephalogram flat, the tissue pH becomes severely acid and the tissue infarcted. 
In a bordering zone the brain tissue is subject to fluctuating hemodynamic 
and metabolic changes, wherein tissue viability is precarious. With moderate 
ischemia, 02-tension in the tissue may be reduced and C02 and acid metab­
olites accumulate. Sodium and potassium flux occurs across the cell mem­
brane, accompanied by slowing of activity in the electroencephalogram. 
Initially high tissue C02-tension and low pH may bring about local cerebral 
vasodilati,on so that blood flow will show a relative increase in the bordering 
zone providing a collateral circulation to the ischemic area. As a consequence 
ischemic metabolites begin to be removed and tissue viability improves, 
although the regional metabolic rate remains depressed. 
In a surrounding zone of collateral circulation, arterial flow becomes in­
creased due to intravascular pressure gradients, as well as metabolic dilatation 
of vessels in the ischemic area. Tissue metabolism is depressed or normal in 
the presence of increased blood flow, a phenomenon that also has been 
termed luxury perfusion. 
Starting CBF-studies according to the intra-arterial injection technique in 
humans, results of an early hour were obtained in patients with cerebro­
vascular diseases. Lassen et al., in 1 963 gave a description of7 patients all with 
a total occlusion of the middle cerebral artery and in whom a reduction in 
global CBF of 45% was noted. Ekberg et al. ( 1 965), were also able to demon­
strate this reduction but furthermore, that patients with a cerebral ischemia, in 
whom angiographically no abnormalities could be established, also revealed a 
reduction in the global CBF, though less than that with patients known to 
have angiographic abnormalities. 
Other authors (H0edt-Rasmussen et al., 1 967; Paulson et al., 1 970; 
McHenry et al., l 972a; Agnoli et al., 1 968;  Iliff et al., 1 974), have also found 
that a reduction in the global CBF takes place in patients with cerebral 
ischemia, varying from 20-50% .  
These differences could probably be explained by the fact that in these 
patients atheromatous vessel changes were present in various degrees of 
gravity. These vessel changes influence the vaso-reactivity and determine the 
achievement of collateral circulation after ischemia. In addition it can be 
demonstrated that the global CBF in the unaffected hemisphere reduces 
(H0edt-Rasmussen and Skinh0j ,  1964). Patients with a focal neurogenic 
lesion may manifest diffuse depression of function in areas of the brain, not 
involved in the primary pathological process. This condition is termed 
diaschisis and was first described by Von Monakow in 1 9 14. In patients with 
cerebral infarction, depression of metabolism is also found in the non-in­
farcted hemisphere and may persist for as long as some weeks. CBF of the 
healthy hemisphere then reapproaches normality, while that of the diseased 
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hemisphere remains depressed (H0edt-Rasmussen and Skinh0j ,  1 964; Lavy et 
al . ,  1 975). 
The cause of this diffuse metabolic change complicating a focal lesion has 
long been considered to be transneuronally mediated. Recent evidence has 
shown abnormal neurotransmittor function in ischemic and non ischemic 
areas of the brain (Meyer et al., 1 974) and this account for the above described 
bilateral and remote disturbances of CBF. 
Apart from a decrease in the global CBF, regional changes in flow can also 
be established. These include regions with ischemia and also with hyperemia. 
The hyperemic regions conform to the angiographic findings, whereby the 
contrast matter remains visible in the capillary for an abnormally long period, 
or the veins fill much too soon (Cronqvist and Laroche, 1 967). They agree also 
with observations made during neurosurgical treatment that heavily-swollen 
or reddened veins are seen on the cortex (Feindel and Perot, 1965). As an 
explanation is represented that these hyperemic areas correspond to the above 
described bordering zone. 
The surrounding zone of collateral circulation, also termed luxury per­
fusion, is sometimes seen in the regional pattern (Lassen, 1 966). 
It must however be noted, that totally ischemic regions can be present, 
where there is no longer tissue perfusion and which cannot be measured with 
the clearance technique. Application of this technique only pertains to 
perfused tissue. 
Ischemic and hyperemic regions may occur simultaneously. These regional 
differences in flow occur mainly in the first three days after an accident, 
whereas hyperemic regions have never been observed for longer than eight 
days after vessel damage has occurred. Generally it has been found impossible 
to make a prognosis on the basis of the regional perfusion pattern, although 
there can be no expectation of recovery from lesions with a perfusion lower 
than 1 8-20 ml.min-1 per 100 g. and lasting longer than 5 minutes (Boysen, 
1 973). A positive relationship between neurological impairment and CBF­
values was found by Heiss et al. ( 1 977). Patients with severe neurological 
deficit but a high perfusion have a better chance for recovery. 
After cerebral ischemia, normal vasomotor reactivity may be diminished, 
diffuse as well as focal. The vasomotor reactivity disturbance may also be 
dissociated from and lost to autoregulation, but yet maintained to changes in 
C02-tension. In addition paradoxical reactions may occur, as for example a 
reduction in the regional CBF with increasing blood pressure or perfusion 
pressure, while the reverse of this phenomenon may also be seen (Fieschi et 
al., 1 972). 
The C02-reactivity of the vessels may also diminish, while the autoregu­
lation remains intact, so that local circulation is no longer regulated by the 
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metabolic requirements of the tissue. Here too, paradoxical reactions are 
possible. Thus rCBF may actually decrease in an ischemic region during 
hypercarbia, a phenomenon which is known as intracerebral steal (H0edt­
Rasmussen et al. ,  1 967; Fieschi et al., 1 969; Paulson et al., 1 970; McHenry et 
al., 1 972b). The reverse of this phenomenon, an increased rCBF by a decrease 
in arterial C02-tension also occurs and is known as reverse steal (Paulson et 
al., 1970) or "counter steal" (Pistolese et al., 1972). The pathophysiology of 
these abnormal vasomotor reactions has already been discussed (section 
2.2.4). Although the frequency of the above mentioned responses after a 
cerebral ischemia is not precisely known, it can be deduced that the signifi­
cance of therapeutic measures, used to increase CBF, is extremely doubtful 
(Capon et al., 1977). 
4.4.2. Transient ischemic attacks 
After a transient ischemic attack (TIA) has occurred, ischemic regions are 
found in the brain, often with vasomotor abnormalities, which in many cases 
continue long after clinical recovery. The duration and severeness of the 
abnormalities are related to the severeness of the clinical symptoms and can 
be taken as an indication of the period wherein, after a TIA, the patient still 
runs a high risk of recidivation or worsening of his condition. 
Skinh0j et al., 1970, could establish ischemic regions with diminished 
vasomotor reactivity in 12 patients, one day after a TIA, but the question 
remains if the patients who still showed vasomotor abnormality many days 
later, had actually experienced a TIA, or rather a small cerebrovascular 
accident in a so-called clinically "silent" area of the brain. 
4.4.3. Ligation of the internal carotid artery 
It may happen that during surgical treatment, the internal carotid artery is 
ligated. It is important to know if the patient can undergo treatment without 
ischemic changes occurring. In this connection much experimental work has 
been applied to the study of the natural history of a cerebrovascular accident 
and the influence of various therapeutic methods, on the basis of occlusion 
experiments. In primates it appears that occlusion of the cerebral arteries can 
be tolerated for approximately 6 hours, without ischemic damage to the brain 
tissue. After 1 6  hours irreversible changes appear (Symon et al., 1975). 
A similar problem arises in a clinical situation when it becomes necessary to 
occlude the internal carotid artery either temporarily or permanently. For­
merly there was no method available which gave a sufficient quarantee that the 
patient could, without complications, support this treatment. With the intro­
duction of CBF studies however, it is possible to achieve precise information 
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on this matter. It has been shown, namely, that when the CBF drops to 1 8-20 
ml.min-1 per 1 00 g. or lower, through application of a carotid ligature, the 
brain tissue will suffer irreversible damage (Boysen, 1973) and when the CBF 
shows no reduction below 40 ml.min-1 per 100 g., no ischemic damage to the 
brain is apparent, even when the ligature is permanent. 
Should CBF drop to values between 20 and 40 ml.min-1 per 100 g., it seems 
that a ligature can be sustained for a long period without ischemic damage 
occurring, when the reduction amounts to no more than 25% of the original 
value. Furthermore it is of great importance that hypo- or at least normo­
capnia should be involved. A further contribution to the safety of surgical 
treatment by temporary occlusion of the internal carotid artery, is given with 
information of the pressure in the central stump after ligation. 
If the CBF decreases after ligation to values between 20-40 ml.min-1 per 
100 g., the reduction being in addition more than 25% of the original value, 
then the ligature may still be sustained without ischemic damage to the brain, 
on the understanding that the pressure in the central stump remains higher 
than 60 mm Hg (MABP); (Jennett et al., 1976; Ladegaard-Petersen et al., 197 1). 
The results of CBF have also brought enlightenment to the discussion on 
the significance of a stenosis of the internal carotid artery for cerebral hemo­
dynamics and the advantage of an endarteriectomy. It appears that by a 70% 
constriction of the lumen, due to stenosis of the internal carotid artery, no 
change occurs in the CBF. With a lumen constriction of70-90% there is still no 
decline in CBF, but a decrease in the C02-reactivity of the cerebral vessels is 
observed. 
Only with stenosis of more than 90.%, does the CBF reduce, also during rest 
(Sundt et al., 1 974; Engell et al., 1 972 ; Jennett et al., 1976). The stenosis of the 
internal carotid artery would thus need to be serious, before an endarteriec­
tomy could bring about an improvement in the hemodynamic relation. (The 
significance of endarteriectomy as surgical treatment for removal of a source 
of thrombo-embolia, does not enter into the discussion at this point). 
4.4.4. Subarachnoid hemorrhage 
The CBF in patients with a subarachnoid hemorrhage appears to reduce in a 
measure corresponding to the severity of the clinical condition (Symon et al., 
1 972; Heilbrun et al., 1972; Ferguson et al., 1 972). Improvement in the 
patient's clinical condition signifies increase in the CBF. 
Apart from the global reduction in CBF, it can be demonstrated that in 
certain regions the reduction is more pronounced and there is mention of focal 
ischemia. These focal ischemic regions have been brought into relation with 
the frequent occurrence, also shown angiographically, ofvasospasms, though 
the locality of the spasms and the locality of the ischemic region, often do not 
34 
correspond. The significance of the vasospasms as cause of focal ischemia, is 
thus open to question (Heilbrun et al., 1 972; Millikan, 1975). 
It is known that immediately after arachnoidal bleeding occurs, the intra­
cranial pressure increases (LOfgren and Zwetnow, 1972). The CBF will only 
decrease when intracranial pressure increases to a point where autoregulation 
becomes inadequate, but also when autoregulation remains intact, and there 
is no perceptible increase in intracranial pressure, the CBF appears to reduce 
both globally and focally. Experiments have shown that when blood is intro­
duced into the arachnoidal cavity, both the CBF and the cerebral metabolism 
reduce and this is particularly the case when the blood is introduced into the 
basal cisterns (Fein, 1 975). Furthermore it has been demonstrated that 
thereby both the aerobic and the anaerobic cerebral metabolism decrease 
while the ECP remains normal, from which may be concluded that besides 
energy production, also energy requirement has decreased (Fein, 1 976). 
The cause of this direct effect on the metabolism has not been ascertained, 
although there are a number of theories. Following a subarachnoid hemor­
rhage there is a disturbance of the periarterial catecholamines (Flamm et al., 
1972), and it is known that the central adrenergic system partly regulates the 
oxidative phosphorylization (see 2.5. l ). Furthermore it has been demon­
strated that a mixture of arterial blood and cerebrospinal fluid can activate the 
kinine system of the cell, which in tum exerts an influence on the metabolism 
(Sicuteri et al., 1 970). Lastly, the fact that principally cistemal blood affects 
the metabolism, is seen in relation to the assumption that regulation 
mechanisms for CBF and for cortical metabolism are situated in the brain­
stem (Shalit et al., 1967). 
4.5. Hypertension 
Patients suffering from arterial hypertension, without neurological symptoms, 
have a normal cerebral blood flow. Patients with a hypertension of several 
years duration, are not capable of sustaining a sudden fall in blood pressure, 
even though autoregulation may be intact. It appears, however, that in these 
cases the limits of autoregulation shift (Skinh0j and Strandgaard, 1 973). 
Normally the lower limit of autoregulation is 50-60 mm Hg (MABP), but this 
limit can shift in cases of chronic hypertension to upper limits of 1 10 and even 
130 mm Hg. 
Both in cases of chronic and of acute hypertension, the autoregulation 
appears to have an upper limit. Above this limit, which in normotensive 
patients is approximately 1 50 mm Hg, the CBF increase suddenly (Lassen and 
Agnoli, 1 972). 
The autoregulation is now lost and an over-expansion of the blood vessels 
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accompanied by perivascular oedema-forming develops, this being known as 
the "breakthrough phenomenon" (Johannson et al., 1 970; Strandgaard et al. 
1 975) and it is assumed that this is the cause of the neurological symptoms 
accompanying hypertensive encephalopathy (Skinh0j and Strandgaard, 
1973). 
4.6. A rteriovenous malformation 
Arteriovenous malformations often function as a shunt in hemodynamic 
respect, apart from the fact that they can be the cause of subarachnoid 
hemorrhage. In the regional CBF studies, the shunt in clearance curves is 
characterized by a high initial peak. The relation between the height of the 
peak and the height of the curve, where the tissue clearance begins, can serve 
as a measure for the amount of blood which passes the shunt (Haggendal et 
al., 1965a; Oeconomos et al., 1969a). In addition the arteriovenous malfor­
mations may, through shunt mechanisms, withdraw blood from the brain, this 
to be regarded as a steal phenomenon, which is recognized as an ischemic 
region (Herrschaft, 1972). 
4.7. Migraine 
There is supporting evidence that during an attack of migraine in the aura 
stage the cerebral arteries are constricted, while the headache stage is associ­
ated with vasodilatation of extracranial vessels (Wolff, 1 972). 
O'Brien ( 197 1 )  found a reduction ofCBF of approximately 20% during the 
prodrome phase and a slight increase during the headache phase. The pro­
drome phase is sometimes coupled with vasomotor paralysis (Simard and 
Paulson, 1 973). The increase of CBF during the headache phase is thought to 
relate to a lactacidemia, having developed during the prodrome phase 
(Skinh0j, 1973). 
4.8. Epilepsy 
In very few patients it was possible to study CBF during an epileptic seizure. 
With experimental animals it was possible to demonstrate CBF increase 
during epileptic discharges (Ingvar, 1 958) and this could be confirmed in a 
human patient (Cronqvist et al., 1967). 
According to Hughlings Jackson ( 1 93 1 )  epilepsy constitutes a massive 
synchronous discharge of the nerve cells of the grey matter of the brain and 
there is electrophysiological evidence to support this hypothesis (Jasper et al. ,  
1969). 
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The neuronal hyperactivity of the epileptic discharge should be 
accompanied by an increase of the cerebral metabolism, which in turn should 
cause an increase of CBF. During the discharge the cerebral metabolism 
attains such a level that a relative hypoxia develops, reinforced by a sus­
pended respiration. 
Lactacidosis develops in the tissue (Broderyen et al., 1 973), a factor of great 
importance for the pronounced vasodilatation remaining for some hours after 
the discharges and seen as an increased CBF (Ingvar, 1975b). 
If an epileptic focus exists, an increased cerebral metabolism may be found 
there, coupled with an increased rCBF, also during seizure-free interval and 
demonstrated in patients, without angiographic or electroencephalographic 
abnormalities (Hougaard et al., 1 976). 
4.9. Brain tumours 
The rCBF in patients with brain tumours is abnormal and may show either 
increase or decrease in the area where the tumour is localized and the im­
mediate surroundings (Brock et al., 1 97 1 ;  Oeconomos et al., l 969b ). The 
perifocal tissue of the tumour often shows increased flow and is explained by 
a kind of luxury perfusion, which is a result of vasodilatation through tissue 
acidosis (Hadjidimos et al. ,  1 97 l ) .  
With almost all patients suffering from a brain tumour there is an alteration 
in vasomotor reactivity,global or focal, while paradoxical reactions to blood­
pressure or to arterial C02-tension changes are also noted (Palvoglyi, l969a,b). 
In addition regions of hyperemia occur, which are localised far from the 
tumour. The site of these hyperemic regions appears to be related to the site of 
the mass lesion; when the tumour is localized in the frontal lobe or in the 
posterior fossa, the hyperemic regions will be seen mainly in the lower tem­
poro-occipital regions. With centro-parietal tumours, hyperemia is found 
mainly in the frontal regions (Endo et al., 1 977). It is probably that these 
hyperemic regions are caused by compression of cerebral tissue against local 
anatomical structures such as the towntorium and the falx cerebri. In ad­
dition, these hyperemic regions may constitute evidence of an early stage of a 
dangerous clinical condition: a state of pre-herniation. 
4. 10. Head injury 
Because of the heterogenity of neurological sequelae after head injury it is 
difficult to speak about CBF-changes in general terms. In most studies the 
patients considered are those with more severe brain damage, attended by a 
long period of uncounsciousness. The direct consequences of head injury on 
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CBF are not known, but generally it is agreed that the CBF is reduced as a 
result of a decrease in cerebral metabolism, perhaps induced by acute 
sequelae of cerebral anoxia (Bruce et al., 1 973). Vasomotor reactivity is often 
disturbed in the acute phase, in particular autoregulation. Impaired autoreg­
ulation may contribute to the development of post-traumatic oedema 
resulting in an outstanding cerebral hyperemia. Overgaard and Tweed ( 1 974) 
reported a better prognosis related to a more rapid restoration of autoregu­
lation, but on the other hand an intact autoregulation did not infer a good 
prognosis. In most cases of severe head injury C02-reactivity is impaired in 
the acute phase. 
A worse condition with a lost autoregulation as well as a lost C02-reactivity 
is known as vasoparalysis. Paulson et al. ( 1 972) have demonstrated that 
autoregulation in some patients can be restored by hypocapnia. On base of 
these findings, patients with severe head injury were treated with artificial 
hyperventilation. Raichle et al. ( 1 970, 197 1), achieved some results with their 
patients, but Overgaard and Tweed ( 1 974) could report no benefit. Ingvar and 
Ciria ( 1 975) measured rCBF in patients with severe brain damage in the 
chronic phase, in which the neurological symptoms as well as other disturb­
ances of organ functions had become stable and permanent. By activation 
procedures, cerebral phenomena related to the perception of sensory 
massages were studied. The flow patterns often showed distinct correlations 
with the original brain injury. Cutaneous electric stimulation with the original 
brain injury. Cutaneous electric stimulation gave rise to increases in cortical 
flow, even in highly reduced patients with severe brain damage. So called 
"apallic" patients did not show any changes in flow on sensory stimulation. 
They conclude that rCBF measurements make it possible to assess severe 
damage to the central nervous system quantitatively and can be used to judge 
the prognosis and to plan the care of the patients. 
On the other hand Overgaard and Tweed ( 1 976) concluded that rCBF 
measurements in the acute phase of head injury, did not contribute to the 
prognosis or to the planning of a reliable treatment. 
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CHAPTER 5 
MEASUREMENTS OF CEREBRAL BLOOD FLOW 
WITH THE MULTIDETECTOR SCINTILLATION CAMERA. 
TECHNICAL DESCRIPTION, PROCEDURE, DATA PROCESSING 
5 . 1 .  Choice of method and technique 
As has been shown in chapter 3, many methods are available for the mea­
surement of cerebral blood flow, each having its limitations and shortcomings. 
It is obvious that the choice of method is mainly determined by the clinical 
situation and by the information required. As we were interested in a clinically 
effective method to give information not only on mean cerebral blood flow, 
but also on regional differences, we selected a clearance technique. 
When we decided to start clinical cerebral blood flow measurements, it 
would have been ideal on account of its non-traumatic effect to choose the 
inhalation technique, but at the time of decision (September 1974) this tech­
nique was insufficiently developed to ensure accurate results. For this reason 
we preferred the injection technique, which although necessitating cannu­
lation of the internal carotid artery is not unduly severe on the patient, when 
carried out in combination with angiographic examination. The indicator 
used is xenon- 133 and calculations of cerebral blood flow are based on the 
initial slope analysis. 
5.2. Technical description of the mu/tidetector scintillation camera 
The equipment for measurement is the same as used in Bispebjerg Hospital, 
Copenhagen, by the group of Lassen and co-workers and is described by 
Sveinsdottir et al. ( 1 977), being known as the multidetector scintillation 
camera. The equipment consists of a multidetector system for extracranial 
detection of gamma radiation, a computer and a display for data processing 
(see fig. 5 . 1  ). 
5 .2. 1 .  Multidetector scintillation camera 
The scintillation camera contains a head with the scintillation detectors, an 
electronic section with the threshold discriminators and the interface to the 
computer. The computer is physically separate from the multidetector system 
and the latter can be moved and positioned to the patient's head. 
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Fig. 5 . 1 .  Equipment for measurement of regional cerebral blood flow (rCBF). To the left the 
multidetector scintillation camera with a patient in position, in the centre the colour display for 
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Fig. 5.2. A. Diagram of multidetector scintillation camera. B. Close-up of the fastened converging 
collimator. 
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5.2.2. Camera head 
The camera head (see fig. 5.2) is so constructed that its anterior surface is a 
thick concave aluminium plate forming part of a spherical surface with its 
center 20 cm in front of the surface. Into this aluminium plate 254 sodium 
iodide scintillation detectors are fitted in a matrix of 19 columns and 14 rows 
(three elements omitted in each corner). 
The sodium iodide crystals are cylindrical, 0.8 cm in diameter and 1 .0 cm 
long. A plexiglas light guide, 25 cm long and 0.9 cm in diameter, connects each 
crystal to its individual photomultiplier, the latter having a centre diameter of 
2 cm. (See fig. 5 .3). The photomultiplier signals are coupled to amplifiers and 
lower level discriminatiors. 
Na I 
crys tal l i gh t guide ( perspex) 
photo 
mul ti p l i e r  
-10- -------2so ------
Fig. 5.3. Diagram of a single scintillation detector. 
5.2.3. Data acquisition 
ampli fiers 
and low level 
d i s c riminators 
The compiler for data acquisition contains a parallel-event processor, func­
tioning as a 254 channel multicounter. The pulses from the discriminators are 
stored in a small digital memory that can be read by the computer according 
to the time-table set by the computer program. This digital memory corre­
sponds with 254 conventional scalers. Each scaler can store 4095 events before 
overflow occurs. By using both asynchronous and synchronous 1 -bit buffers 
for each detector (arranged in three blocks of 64 and one of 62) and letting the 
four blocks timeshare access to the memory (cycle time 320 nsec.), a very high 
overall count rate capacity is obtained. 
The data in the random access memory can be transported at any time 
under control of the computer. Both data transport via register to memory and 
by means of direct memory access is possible. The output address generator 
selects the detectornumbers in the random access memory of which the data 
should be transported to the computer memory (see fig. 5.4). 
5 .3 .  Collimation 
In general terms a collimator is a lead slab with one or more holes. It possesses 
characteristics with respect to the field of view (collimator geometry) and 
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Fig. 5.4. Schema for composition of parallel-event processor. After threshold selection, pulses from 
254 detectors are registered in 254 one-bit asynchronous buffers. Instead of using polling schema to 
store counts in 254-words memory, asynchronous buffers are read into 254 one-bit synchronous 
buffers at time intervals of 1280 nsec. Address is then encoded in fixed priority sequem.f. for the 
three groups of 64 detectors and the one with 62 detectors, memory word belonging to selected 
detector is incremented by 1 and its asynchronous buffer bit reset. Since encoding time is longer 
than memory cycle time (320 nsec.) three 64· and one 62-detector group timeshare memorj. 
diameter of the holes in the collimator and the gamma ray energy. We ase two 
different collimators, one with parallel holes and the other with converging 
holes. The collimator slab is slightly concave in order to get a better fit to the 
curvature of the head and having a focal distance of 20 cm from the camera 
surface. 
The parallel collimator is 40 mm thick, has cylindrical holes with a diameter 
of7 mm. The distance between the centres of two adjacent holes is 10 mm. The 
parallel collimator can see the entire brain surface. 
The converging collimator has a thickness of 32 mm, also cylindrical holes 
with a diameter of 8 mm and a distance between the centres of two adjacent 
holes of 10 mm. The angle between the axis of rotation of two adjacent 
collimator tubes is then 3 .80°. The converging collimator magnifies ap­
proximately a factor 1 .5 and can see two thirds of the lateral surface of the 
brain. 
The spatial resolving power and the collimator geometry of both collimator 
systems was investigated on a skull phantom using a line source of xenon-133 
and was nearly equal for both systems (Roland and Larsen, 1976). The spatial 
resolution, expressed as "full width half maximum" was 9 mm. 
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With a source at a distance of 30 mm from the collimator surface the 
counting rates of the four neighbouring channels are less than 10% of the 
count rate of the focusing channel. With these collimator characteristics sharp 
differences in activity in two neighbouring regions can bt observed. 
5.4. Radiation dose 
About 5 mCi xenon- 133 dissolved in saline (Radiochemical Center, Amers­
ham), is injected into the internal carotid artery. The radiation dose has been 
estimated at 1 7  mrad to the lungs and 1 .5 mrad to the gonads, while there is a 
local exposure to the internal carotid area of 86 mrad (Lassen, 1 965). 
Thus there is no significant radation hazard for the patient even for a 
relatively large number of repeated measurements. 
5 .5 .  Measurement procedure 
A cerebral blood flow measurement is carried out in addition to an 
angiographic examination. Thus in our clinical setting, only cerebral blood 
flow measurements are performed in patients in whom cerebral angiography 
is indicated. 
5.5 . 1 .  Cannulation and preparations 
Following the introduction of a small polyethylene catheter in the internal 
carotid artery (Seldinger technique) and the termination of the angiographic 
examination, the correct position of the catheter is controled (radioscopy). 
The catheter is fixed in the groin and linked to a three way stopcock. This is 
connected to a system (Intraflo, Sorensen Research Co., USA), which ensures 
continuous flushing of the catheter and to a pressure transducer (Philips 
9222.807. IO IO l ). The pressure transducer is connected to a blood pressure 
module (Philips XV 1 505) for continuous blood pressure monitoring. 
From the third way of the stopcock blood samples are taken for blood gas 
analysis (according to Siggaard-Andersen, 1 964, with Radiometer equipment, 
ABC l ,  Copenhagen, Denmark). 
The influence of angiographic contrast agents was investigated by Herr­
schaft et al. ( 1 974). Immediate serial measurements of CBF after contrast 
injection showed considerable increases, lasting no longer than 3 to 5 minutes. 
The same effect could be induced with hypertonic glucose and it is concluded 
that the CBF changes are secondary to the hyperosmolarity (Huber and 
Handa, 1 967). Grubb et al. ( 1 974) found (in primates) a profound circulatory 
effect on CBF and autoregulation lasting from 2 to 12  minutes. CBF-studies 
should either precede cerebral angiography or be delayed until the effect of 
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the contrast agent has disappeared. A delay of 1 5  to 20 minutes is probably 
sufficient. 
5.5.2. Positioning 
The position of the brain in relation to the scintillation detectors is determined 
by placing radioactive markers (cobalt-57) on the lateral ocular angle and the 
external auditory meatus. The landmarkers, together with a roentgenogram of 
the skull, make it possible to state the approximate localisation of the prin­
cipal cortical sulci according to the stereotactical system of Talairach et al. 
( 1 967). 
Another method to determine the position of the brain in relation to the 
scintillation detectors is the direct localisation on the rCBF display. The initial 
vascular peaks due to the first arterial passage of the radioactive bolus make it 
possible to map out the initial course of the middle cerebral artery and its 
divisions. 
These peaks are seen in the initial two to three seconds of the clearance 
curves, or in the 254-channel output of the initial counting rates. The rCBF 
pattern during rest shows a reproducible band of relatively low regional flow 
in the Rolandic region. 
When this band was mapped according to the proportional system of 
Talairach, it followed the course of the precentral and postcentral gyri. 
With the collimator system used here it is possible to map out the deep part 
of the Sylvian fissure, the insula and the course of the precentral and post­
central gyri directly in the hemispheric flow pattern. 
5.5.3. Handling and disposal radioactive xenon gases 
According to the National Dutch Regulations, the concentration ofxenon- 1 33 
leaving the exhaust should not exceed 100 pCi.m-3. Using 10  mCi xenon- 1 33 
and blowing the radioactive waste into the open air, a displacement of about 
1 08 m3 air is required. Because this is impractical, the expired xenon- 1 33 
should be collected in such a way, that the Maximum Permissible Concen­
tration (MPC) ( 1 0-5 µCi.cm-3) in the room where the investigation takes 
place is not exceeded. Previously the expired xenon- 1 33 is sampled via a face 
mask in a Douglas bag. After the measurements the xenon-133 is pumped out 
of the bag into a special apparatus as described by van der Mark et al. ( 1 977), 
in which the absorption on cooled active charcoal takes place. With this 
apparatus it is possible to trap all the xenon- 1 33 present in the expired gas. 
With the very first patients we used a mouth-piece instead of the face mask, 
but te patient is apt to play with his tongue against the mouth piece, giving a 
focal increase in regional cerebral blood flow in the corresponding cortex 
area. This was reason enough to abandon the mouth piece. 
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5.5.4. Injection 
After taking an arterial blood sample from the catheter for blood gas analysis, 
the radioactive background activity (or after a previous measurement, the 
radioactive rest activity) is determined with the multidetector scintillation 
camera. 
The volume of the catheter is about 1 .5 cm3, and taking this in account with 
the day of callibration of the xenon- 1 33 ,  such a volume of isotope solution is 
injected that a dose of about 5 mCi comes into circulation, mostly representing 
a volume of 5 to 7 cm3 saline. 
As the injection should be instantaneous, an injection time of 1 -2 sec is 
taken, representing a compromise between the desire for an instantaneous 
injection and the desire to leave the perfusion in the artery unaltered during 
the injection. 
Very rapid intra-arterial injection may cause destruction of corpuscular 
elements of the blood, with a consequent vascular dilatation due to liberation 
of vasoactive substances. Using the injection described above, injection pro­
voked artefacts can be avoided (Haggendal et al., 1 965b). (See fig. 5 .5 .A). 
At the end of the injection the catheter will be filled with a part of the 
radionuclide. The volume being about 1 .5 cm3, this represents about 30% of 
the injected dose. This will suffice to interfere with the calculation of cerebral 
blood flow if injected after the clearance of the radionuclide from the brain 
has started (fig. 5.5.B). The routine procedure is therefore, aspirating the 






Fig. S.S. Injected provoked artefacts. . 
A. Curve distortion due to a protracted injection. B. Artefact due to perfusing the carotid catheter, 
without aspirating radioactive rest content. 
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5.5.5 .  Testing and activation procedures 
The examination is carried out in a quiet room, with the patient in as relaxed a 
physical and mental state as possible. The eyes are closed and the ears are 
plugged. Usually within one patient a maximum of four measurements 
(studies) are carried out. The first and second study in a relaxed state are 
called rest- I and rest-2. The other studies, when carried out, are reserved for 
testing autoregulation and C02-reactivity, or for some activation procedure 
(see section 6.2.2). 
5 .6. Data processing 
The recorded data from a cerebral blood flow study are processed by a 
computer system. 
5 .6. 1 .  Computer configuration 
The computer system consists of a Varian V72 data machine and has a 1 6  k 
core memory, storing 16  bit words (cycle time 900 nsec.). It is equipped with a 
paper-tape reader (Remex, model RSO 302 RB) and a paper tape puncher 
(Facit, model 4070). Instructions to the computer system are given by a fast 
typewriter console (Texas Instruments, model 720/30). A display system using 
a colour TV monitor is connected to the computer. This system has a colour 
memory display on the TV screen as a 128 x 128 raster of areas that can be 
coloured in 1 6  levels, and a black-and-white memory with 256 x 256 reso­
lution for displaying texts and graphs. 
5 .6.2. Computer program systems 
Two program systems have developed: a special-purpose system (CBF) and a 
general image-handling system (Image). 
All programs are written in Assembler code. 
5 .6.2. 1 .  CBF-system 
The recorded data (counts in each detector) are accumulated in fixed time 
intervals according tot a time table, up to 1 20 sec, using l sec intervals initially, 
with longer intervals later. Each data frame is displayed on the TV monitor, so 
that the arrival and washout of the xenon from the brain are followed visually 
throughout the study. After 2 minutes the curves are displayed in a semilog­
arithmic scale on the TV monitor, using the graph memory, allowing visual 
inspection of all raw data. (See fig. 5.6). 
At the same time the calculated values for cerebral blood flow are converted 
into colour signals and displayed as a functional image in a fixed colour scale, 
affording a preliminary on-line survey of the results. 
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Fig. 5.6. Display of curves, representing semilogarithmically transformed counting rates of the first 
two minutes. 
5.6.2.2. Image system 
In the Image system emphasis has been placed on the interactive use of the 
multidetector scintillation camera. To make a study fully automatic, 
sequences of functions to be performed can be prespecified. For example data 
acquisition, background subtration and sensitivity correction, scaling, inter­
polation and display. 
To keep the camera tuned, a set of calibration functions is included, the 
most important being a spectral analysis program to collect energy spectra for 
all the detectors and perform automatic window setting. This eliminates the 
need for manual gain adjustment of the detectors, except in cases of severe 
drift. The image-processing functions include image arithmetic, rotation, in­
terpolation and definition of areas of interest. 
5.7. Correction/actors 
As has already been discussed in chapter 2, various factors change the cerebral 
blood flow, among which C02-tension and hemoglobine content. Next to 
these, the choice of partition coefficient is taken into consideration. 
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5 .7. l .  A rterial C02-tension 
The relationship between arterial C02-tension and cerebral blood flow is a 
point of controversary. A linear as well as an exponential relationship is 
suggested (see section 2.2. l ). 
Olesen et al. ( 1 97 1 )  carried out cerebral blood flow measurements with the 
injection technique using xenon- 1 33 and calculated according to the initial 
slope analysis under hypercapnic and hypocapnic conditions. 
An exponential relationship was found. The mean slope of the semilog­
arithmic plot of changes in cerebral blood flow was 0.04 1 ± 0.01 l .  On the 
base of these findings the following formula was set up in order to compare 
two cerebral blood flow values with differential arterial C02-tension :  
f 1 f 2 ,0.04 1 ( PJC0.,1 - PaCO..'J PaC02 = PaC02 e . - 23. 
When the changes in arterial C02-tension are small, a linearisation may be 
applied. Since e0·041 is very close to 1 ,04 the correction could be performed as 
4% per mm Hg change in PaC02. 
5.7.2. Hemoglobine content 
It is known that CBF in patients suffering from anemia increases (Gottstein et 
al., 1 957), while CBF in patients with raised hematocrit decreases (Thomas et 
al., 1 977). 
The hemoglobine content varies from person to person and one may ask if 
this has any influence on the cerebral blood flow. H0edt-Rasmussen ( 1 967) 
investigated this in eight normal control subjects and found a negative, not 
significent correlation between hemoglobine content and cerebral blood flow. 
For this reason and also because of the hemoglobine content does not vary 
during the measurement, it is not customary to make corrections on account of 
variation in hemoglobine content. 
5 .7.3. Partition coefficient 
To calculate cerebral blood flow, it is necessary to know the partition coef­
ficient of the indicator to be used. An inert gas will distribute itself in the 
various phases (air, blood, tissues), at equilibrium, according to its respective 
solubility in each. Solubility of gases in liquids has usually been expressed in 
two alternative manners. Bunsen solubility coefficient represents the amount 
of gas, expressed as ml, reduced to standard temperature and pressure, which 
is dissolved at complete equilibrium in 1 ml of a particular liquid. The 
Oswald solubility coefficient is similar to the Bunsen coefficient, except that 
the volume of gas dissolved in l ml of liquid is not converted to standard 
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temperature. The partition coefficient used for calculation of cerebral blood 
flow describes the ratio at equilibrium between the concentration of a partic­
ular gas in a certain tissue and its concentration in the blood (Kety, 1 95 1 ). 
Values for these coefficient for different gases have been obtained by nu­
merous investigators. 
With regard to the brain tissue, it signifies that a distinction must be made 
between the partition coefficient of the grey and the white matter. Conn 
( 1 96 1 )  measured the partition coefficient for xenon of the homogenized brain 
of cat at room temperature, and found for the grey, respectively white matter, 
values of0.74 and 1 .20. Veall and Mallett ( 1 965) carried out measurements on 
the human brain, at body temperature and a hemoglobine content of 15 g/dl. 
and found values of 0.87 en l .50. Of course the question arises, if the values 
achieved in the animal experiment are valid for humans, but also the results of 
Veall and Mallett should be interpreted with care, as it is not known how 
much influence is exerted by unavoidable postmortal change. 
Aside from this, the solubility of the indicator in the blood is partly deter­
mined by the number of corpuscular elements and thus it is the hemoglobine 
content which influences the partition coefficient. H0edt-Rasmussen ( 1 967) 
gives a formula to make corrections for variable hemoglobine content. In 
many studies however, it is customary to choose constant values for the 
partition coefficient. In our calculations according to the initial slope analysis, 
we used a fixed value of 0.87, being the partition coefficient of grey matter. 
5 .8 .  Complications of the intra-arterial injection technique 
Since the intra-arterial injection technique requires isotope injection into the 
internal carotid artery, the method carries an inherent risk of causing cerebral 
circulatory disturbances. Ingvar and Lassen ( 1 973) collected cerebral 
complications encountered with the xenon- 133  technique at 1 8  centres in 12  
countries. The overall rate of  complications was found to  be  l .3% with per­
manent neurological sequelae in 0.2%. Two fatalities were reported. The 
complication rates found are equal to, or lower than corresponding rates 
following cerebral angiography. 
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CHAPTER 6 
MATERIAL AND RESULTS 
6. 1 .  Introduction 
In a series of 64 patients 1 67 cerebral blood flow studies were performed. 
Some patients were examined twice. All examinations were carried out sup­
plementary to a cerebral angiography. This circumstance reveals the first 
limitation of our studies e.g. in patients with no indication of cerebral 
angiography, cerebral blood flow was not measured. A second limitation was 
that an additional cerebral blood flow study was not performed on vitally 
endangered patients. Another limitation was that the patients in this study are 
from a Dutch neurosurgical clinic. In the Netherlands is a distinction between 
neurosurgery and neurology, or what could be called medical and surgical 
neurology. This is the reason that some brain disorders are either not 
represented, or only by one patient. The patients were grouped in sections, 
these having the same heading as the sections of chapter 4, making compar­
ison with data from literature easily possible. Some sections in this chapter are 
subdevided and some sections get a more accurate heading. 
6.2. Normal values 
Because normal persons are not subjected to cerebral angiography, normal 
values of regional cerebral blood flow have not been obtained in the strict 
sense of normality. We selected from our series of patients a g oup of 7 
without anamnestic clue to organic brain disease, without neurological deficit 
and with normal carotid angiography, to represent normality. 
Clinical diagnosis, age, sex, hemoglobine content and flow values are listed 
in table 6. 1 .  
Therefore, with the present method of regional cerebral blood flow mea­
surement, e.g. the arterial clearance technique, calculated according to the 
initial slope analysis, was found an overall mean at rest of 57,9 ± 1 3,0 
ml.min-1 per 100 g. (N = 7), with a range of 47-83 ml.min-1 per 100 g. 
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Table 6. 1 .  C B F  in "normal" patients. 
No. Age Sex Hemo- Clinical date I njection PaC02 MABP CBF 
globine side 
1 25 M 1 4,7 exophthalmus right right carol. 45 105 48 
2 2 1  M 14,8 left parietal osteoma left carol. 35 1 1 0  6 1  
3 39 F 1 3,2 exophthalmus right right carol. 38 105 5 1  
4 24 F 1 3,7 exophthalmus right right carol. 39 90 83 
5 32 F 1 2,8 left parietal radio-lucency left carot. 38 105 65 
6 40 F 1 3,2 left occipital radio-lucency left carol. 40 1 10 47 
7 27 M 14,2 migraine left carol. 4 1  105 50 
mean 29,7 13,8 39,4 57,9 
S.D 7,5 0.8 3, 1  13,0 
Legenda: Hemoglobine expressed in g/dl.; PaC02 expressed in mm Hg; MABP expressed in mm. Hg; 
CBF expressed in ml. min 1 per 100 g. 
Reproducibility 
To study the reproducibility of two rest studies, from this group of7 patients 2 
were excluded, because a repeated resting state measurement was not carried 
out. The remaining group of5 patients was extended to 1 8  patients, with some 
neurological history, but without focal flow abnormalities and with a normal 
regional pattern (as will be described in section 6.2. l ). 
In all these 1 8  patients a repeated resting state measurement was per­
formed. Between the two resting state studies one or more measurements were 
carried out, usually testing autoregulation or C02-reactivity. 
After correcting the second regional cerebral blood flow study (rCBF-2) for 
possible changes in arterial C02-tension (according to formula (23)2) a sys­
tematic decrease in mean flow was found. This decrease was l .9 ml.min-1 per 
100 g. in average. Adding these systematic differences to the second rest 
measurement a value for the random experimental error was calculated, using 
V }:d
2 
the equation S.E. = --, in which d is the difference between the first 
2n 
and the second regional cerebral blood flow study, added with the systematic 
average decrease to the second measurement. This systematic error was 4.2 
ml.min-1 per 100  g. Expressed as the coefficient of variation (C.V. = 
S.E. 
---- x 1 00%), the random error was 7.2%. In these 1 8  patients the left 
mean CBF 
hemisphere was studied in l l and the right hemisphere in 7 patients. The 
average decrease in the left hemisphere was 2.9 ml.min-1 per 100 g. and 
expressed as the coefficient of variation the random error was 7.3%, while for 
the right hemisphere the average decrease was O. l ml.min-1 per 100 g. and the 
random error 6.8%. Table 6.2 gives a survey of the patient's data, flow values 
and calculations. 
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Table· 6.2. Reproducibility of CBF measurements at rest in patients without focal flow abnormalities. 
Age Sex Clinical diagnosis CBF-1 
Left 
2 1  M parietal osteoma 6 1  
32 F parietal radio-Jucency 65 
1 9  M pituitary tumour 72 
46 M pituitary tumour 96 
4 1  F pituitary tumour 59 
23 F multiple sclerosis 32 
24 F temporal lobe epilepsy 75 
59 M craniopharyngeoma 36 
43 F pituitary tumour 7 1  
42 F pituitary tumour 68 
43 M pituitary tumour 46 
mean 6 1 ,9 
Right 
25 M exophthalmus 48 
39 F exophthalmus 5 1  
24 F exophthalmus 83 
58 F carotid artery aneurysm 56 
(p. cavernosa) 
52 M subarachnoid hemorrhage 32 
67 M nervus VIII  lesion 49 
37 F hydrocephalus 44 
mean 5 1 ,9 
Total mean 58,0 
PaC01 CBF-2 PaC02 CBF-2 2 2 
35 64 38 56 
38 52 37 54 
34 84 38 7 1  
44 84 39 IOI 
35 49 36 47 
38 29 40 27 
34 70 34 70 
42 35 4 1  36 
42 79 4 1  8 1  
43 57 42 60 
42 44 4 1  46 
45 48 45 48 
38 53 40 49 
39 76 39 76 
35 59 32 66 
43 3 1  4 1  34 
36 4 1  34 45 
42 4 1  40 44 
�CBF CBF-2 d 
+ :l° CBF 
corr. 
- 5 59 2 
- I I 57 8 
- I 74 + 2 
+ 5 104 + 8 
- 12 50 9 
- 5 30 2 
- 5 73 2 
0 39 + 3 
+ 10 84 + 13 
- 8 63 - 5 
0 49 + 3 
A = - 2,9 S.E. = 4.5 ml. 
min-1 per 100 g 
c.v. = 7.3% 
0 48 0 
2 49 2 
7 76 7 
+ 10 66 + 10 
+ 2 34 + 2 
- 4 45 - 4 
0 44 0 
A .. -0, 1 S.E. = 3.5 ml. 
min-1 per 100 g 
c.v. = 6,8% 
A• - 1 ,9 S.E. = 4.2 ml. 
min-1 per 100 g 
c.v. = 7.2% 
Legenda: CBF expressed in ml.min-1 per 100 g; PaC02 expressed in mm Hg; d = CBF-1 - (CBF-2 + 
ACBF). 
Influence of changes in arterial C02-tension 
The influence of changes in arterial C02-tension on the regional cerebral 
blood flow was studied in 1 2  patients with various brain disorders, but without 
extensive focal abnormalities and with a normal regional pattern. 
The arterial C02-tension was increased by breathing for one minute prior 
to and during the measurement in carbogen (an air mixture containing 8% 
C02, 20% 02 and 72% N2). 
No studies were performed after decreasing arterial C02-tension. In table 
6.3 the results of testing C02-reactivity, together with the patient's clinical 
data are summarized. 
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Table 6.3. Influence of arterial C02-tension on CBF in patients without focal flow abnormalities. 
Age Sex Clinical diagnosis MABP PaC02 CBF C02reactivity 
rest test rest test rest test 
25 M exophthalmus 105 105 45 47 48 67 0, 1 8( out-lier)• 
2 1  M parietal osteoma 1 10 1 10 35 50 6 1  100 0,033 
39 F exophthalmus 105 105 38 44 5 1  70 0,053 
24 F exophthalmus 90 95 39 47 83 100 0,01 6  
32 F parietal radiolucency 105 105 38 45 65 76 0,022 
1 9  M pituitary tumour 95 95 34 48 72 109 0,030 
46 M pituitary tumour 90 90 39 44 96 I l l  0,046 
4 1  F pituitary tumour 1 10 1 10 35 44 59 72 0,022 
43 M pituitary tumour 1 10 105 42 48 46 57 O,Q35 
53 F hydrocephalus 105 105 40 43 66 79 0,059 
52 F subarachnoid hemorrhage 1 00  120 39,5 43 22 27 0,058 
59 M craniopharyngeoma 105 105 42 52 36 66 0,058 
mean 0,040 
S.D. 0,0 1 6  
Legenda: MABP and PaC02 expressed in mm Hg; CBF expressed in ml. min-1 per 100 g;C02-reactivity 
calculated 6. In CBF I 6. PaCQ2• 
• This patient is considered as an out-lier because of difficulties during blood sample taking for blood gas 
analysis. 
The relationship between cerebral blood flow and arterial C02-tension is 
shown in fig. 6. 1 .  In diagram A the cerebral blood flow is plotted against the 
arterial C02-tension. Exponential curves seem to give the best fit. 
In diagram B the logarithm of the cerebral blood flow values is plotted 
against the arterial C02-tension, showing a linear relationship. 
Diagram C shows the C02-reactivity, calculated as �ln CBF I �PaC02• The 
mean C02-reactivity is 0,040 ± 0,0 1 6  and since e0•040 is very close to 1 ,04, the 
percentage of change in cerebral blood flow per mm Hg change in arterial 
C02-tension is 4%. 
Influence of change in arterial blood pressure 
The influence of change in arterial blood pressure was studied in 1 1  patients, 
without signs of acute brain disease and without focal abnormalities in the 
regional pattern. All patients were normotensive. Arterial blood pressure was 
increased in a pharmacological manner. No patients were examined with 
decreasing blood pressure. To ensure that the cerebrovascular response is 
really induced by the change in blood pressure alone, one must ascertain that 
the pharmacological agent does not act directly on the brain vessels. This is 
clearly true for angiotensin (Olesen, 1 972). 
For this reason pure angiotensin (hypertensin-CIBA®) was injected 
through the catheter into the carotid artery, in a dose ofO, 1 µg/kg bodyweight. 
The blood pressure (MABP) was monitored continuously as described in 
section 5.5. 1 .  Within 2 to 3 minutes the blood pressure reached a maximum, 
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Fig. 6.2. Relationship between CBF and mean arterial blood pressure (MABP), in I I normotensive 
patients. 
flow study was carried out. The data are presented in table 6.4. There was 
practically no change in cerebral blood flow (0.5% ± l l .3%) with increased 
arterial blood pressure (MABP 72.5 to 160 mm Hg), as calculated with the 
paired t-test (p<0.00 1 ). 
Table 6.4. Autoregulation to increased arterial blood pressure in patients without focal flow abnor-
malities. 
Age Sex Clinical diagnosis MABP Paco2 CBF CBF llCBF (%) 
rest test rest test rest test test-corr. 
25 M exophthalmus 105 132,5 45 45 48 48 48 0 
2 1  M parietal osteoma 1 1 0 1 30 38 38 64 69 69 7,8 
24 F exophthalmus 105 127,5 39 39 76 77 77 1 ,3 
33 F parietal radiolucency 105 1 52,5 37 36 52 57 59 1 3,5 
46 M pituitary tumour 90 105 39 39 84 77 77 - 8,5 
32 F hydrocephalus 72,5 120 40 42 4 1  39 34 - 1 7 , 1  
53 F hydrocephalus 105 160 4 1  4 1  66 64 64 - 3,0 
53 F subarachnoid hemorrhage 105 140 43 4 1  32 35 38 1 8,8 
44 F pituitary tumour 90 130 41 43 79 80 74 - 6,3 
44 F pituitary tumour I IO 1 55 43 42 68 57 59 - 1 1 ,8 
mean 99,75 135,2 0,5 ± 1 1 .3 
S.D. 1 0,0 16,0 
Legenda: MABP and PaC02 expressed in mm Hg; CBF expressed in  ml.min-1 per JOO g. 
Complications 
During the 1 67 studies, one patient developed cerebral complications. 
A 5 I year old woman, suffering from diabetes mellitus since 39 years, developed a subarachnoid 
hemorrhage. There was neckstiffness and she was somnolent, but no focal neurological abnor­
malities were found. There was no history of hypertension. Her clinical condition was unchanged 
and after 16 days a bilateral carotid angiography was taken, with no signs of aneurysm. 
The catheter was left in the right carotid artery. The neurological condition was unchanged. A 
routine cerebral blood flow study was carried out, starting with a study at rest. After testing 
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C02-reactivity, a rest study was repeated and during this study she developed a left side facial 
paresis of central origin. Blood pressure, pulse rate and conciousness stayed unchanged. The facial 
paresis improved within 48 hours and there were no permanent sequelae. 
There were no other complications. This means a complication rate of0,6%. 
Conclusions 
Our results of cerebral blood flow measurements in normal control subjects 
are in accordance with the values as mentioned in literature (see table 4.2), 
especially with those of Sveinsdottir et al. ( 1 97 1  ), who are using the same 
technique and equipment as we do. 
The cerebral blood flow decreased during repeated rest measurements. In 
average the decrease in the left hemisphere was 2.9 ml.min-1 per 1 00 g. or 
4.7% and in the right hemisphere 0. 1 ml.min-1 per 100 g. or l .9%. These are 
real systematic changes of cerebral blood flow and by inference also of 
cerebral metabolism. The rest condition cannot be considered a well defined 
cerebral state. 
There is a good reproducibility of two measurements, with a coefficient of 
variation of 7.2%. 
Striking are the results, when testing C02-reactivity. We find just the same 
quantitative relationship as mentioned in literature (Olesen et al., 1 97 1). 
We can confirm the concept of autoregulation of cerebral blood flow to 
changes in arterial blood pressure, although we only studied during increasing 
blood pressure between 72.5 and 1 60 mm Hg. 
With regard to the complication rate, regional cerebral blood flow studies, 
carried out with the carotid injection technique in our hands is a safe method. 
6.2. l .  Normal pattern of regional cerebral blood flow at rest 
Measured with the multidetector scintillation camera, a "normal" patient at 
rest and relaxed in supine position, studied in a silent room, with closed eyes 
and plugged ears shows variations in the regional cerebral blood flow pattern. 
To compare the results, the regional values were for each normal patient 
("normal" patients, as summarized in table 6. 1 )  expressed as a percentage of 
the mean value for the hemisphere. The cases were then simply added 
together and the average pattern of regional cerebral blood flow was calcu­
lated for both, the left and the right hemisphere (see fig. 6.3). This picture 
includes the inaccuracies due to differences in the shape and the size of the 
head. Despite these differences, the simple superposition of all the normal 
pictures gives the essence of the gross distribution pattern. 
The normal regional cerebral blood flow pattern is characterized by high 
flow values in the frontal regions, especially in the superior part. Medium 
values are found in the parietal region and lowest values in the temporal 
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Fig. 6.3. Normal rCBF pauern of the right and left hemisphere during rest. The values of 1 8  
patients are superimposed and expressed a s  percent o f  mean cerebral blood flow. 
regions. So far no significant differences of the resting pattern has been found 
between the left and right hemisphere. This normal regional pattern, with 
"peaks and valleys" is called the landscape pattern (lngvar and Lassen, 1 975). 
6.2.2. Activation patterns of regional cerebral blood flow 
Until recently it was impossible to measure directly in intact men the cerebral 
events related to cortical activity. The very accurate measurements of regional 
cerebral blood flow has made it possible to study functional changes in 
circumscribed parts of the cerebral cortex. 
For illustration we studied some basic motor and somatosensory functions, 
as well as the functional changes in the cerebral cortex during listening and 
speech. 
All patients who underwent these activation procedures showed no focal 
abnormalities in their resting pattern. After a resting state study the activation 
procedure was instructed and learned by doing it repeatedly. The activation 
procedure was carried out during some minutes and in that time the mea­
surement was started. The patient was not aware of the moment of xenon- 133 
injection. After correcting for possible changes in arterial C02-tension, the 
increase is shown in percentage, using the formula (test flow/rest flow) x 
100%.  
6.2.2. 1 .  Motor activation 
We have studied the regional cerebral blood flow during various types of 
voluntary movements. 
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Repetitive voluntary movement 
The patient was asked to clench his fist forcefully in a slow rhythm. 
This test provokes a focal increases in the contralateral Rolandic sensory­
motor hand area. In addition there is an increase in the supplementary motor 
area, located on the mesial side of the frontal lobe (see fig. 6.4). 
Motor sequence test 
In this test the patient must briefly touch the thumb with the index finger and 
then with the middle finger, with the ring finger and with the little finger. 
Now, with the thumb in this position the order of movement reverses and 
repeated again until the regional cerebral blood flow measurement is finished. 
In this test the regional cerebral blood flow in the contralateral Rolandic 
sensory-motor hand area raises and in addition there is an increase in the 
supplementary motor area. A minor increase is seen in the upper parietal 
lobule (see fig. 6.5). 
Motor ideation 
The motor sequence test was now repeated, but with the important modifi­
cation that the patient was not allowed to execute the movement. The patient 
should simulate the motor sequence internally. During this internal pro­
gramming of sequential movements the regional cerebral blood flow increases 
exclusively in the supplementary motor area (see fig. 6.6). 
6.2.2.2. Somatosensory activmion 
In these tests the function of different cortical areas during different 
somatosensory input is revealed. 
Discrimination of somatosensory input 
The patient had to judge which of two rectangular bricks was the most oblong. 
The patient was not allowed to move his fingers, so the objects were pressed 
against his palm and fingers, moving passively over the bricks, to make the 
procedure as purely sensory as possible. 
During somatosensory discrimination the regional cerebral blood flow in­
creased focally in the contralateral cortical sensory hand area as well as in the 
cortex of the superior frontal gyms (see fig. 6.7). 
Naming of objects placed in the hand 
The patients manipulated common objects (key, match, coin, etc.) success­
ively placed in the hand and then, ad quickly as possible, named them. 
So far only the left hemisphere has been investigated. 
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Fig. 6.4.- 10. Activation patterns of regional cerebral blood flow. Fig. 6.4. Repetitive voluntary 
movement. Fig. 6.5. Motor sequence test. Fig. 6.6. Motor ideation. Fig. 6.7. Discrimination of 
somatosensory input. Fig. 6.8. Naming of objects placed in the hand. Fig. 6.9. Listening to simple 
words (left hemisphere). Fig. 6. 10. Speech ("automatic" speech, left hemisphere). 
area, in the inferior parietal lobule and in the cortex around the superior 
frontal sulcus (see fig. 6.8). 
6.2.2.3. Listening 
The patients were instructed to listen to simple, monosyllabic words, read by 
the examinator with a rate of one per 3 to 5 seconds. Starting the activation 
procedure, the patient was not aware of the moment of starting the regional 
cerebral blood flow measurement. 
Listening to simple words did not change the mean cerebral blood flow 
significantly. In the left (e.c. dominant) hemisphere regional increases were 
seen in the posterior part of the temporal region, the lower parietal region and 
the lower posterior frontal region (see fig. 6.9). 
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These regions correspond with the general auditory area, Wernicke's and 
Broca's area. 
6.2.2.4. Speech 
In the speech test the patients were instructed to count to twenty or to mention 
the days of the week or the months of the year, at a rate of one per 2 seconds. 
This type of speech was called "automatic" speech. The left (e.c. dominant) 
hemisphere was studied. Automatic speech provoked a typical regional acti­
vation pattern, which involved the lower part of the pre- and postcentral 
region, the lower posterior frontal region and the upper precentral region (fig. 
6. 10). These regions correspond with the Rolandic face area, Broca's area and 
the supplementary motor area. There is also an activation of the temporal 
lobe, corresponding with the general auditory area. We interprete this as the 
patient is listen to his own voice. 
Conclusions 
Despite a wide range of mean cerebral blood flow in normal patients (see 
section 6.2), the regional pattern is fairly constant and independent of the 
cerebral blood flow value. The results of activation procedures should be 
considered as preliminary. They are carried out in only a few patients, and in 
the right as well as in the left hemisphere. For this reason statistical analysis to 
study the focal increases of regional cerebral blood flow in a quantitative 
manner is not justified. Nevertheless our results confirm the results as men­
tioned in literature (see section 4.2.2) and we make the following conclusions. 
The central cortical organization of voluntary movements in man is 
dependent on neuronal activity in at least 3 distinct cortical areas. The 
Rolandic motor region is activated and necessary for the execution of volun­
tary movements in general. The supplementary motor area is activated when 
the voluntary movements are repetitive. When a voluntary movement is 
conducted under guidance of spatial directions the upper parietal lobule is 
activated. 
When somatosensory messages are sent to the brain there is a pronounced 
increase in regional cerebral blood flow in the corresponding primary recep­
tive area and its immediate surroundings. This increase is always 
accompanied by focal increases in the frontal lobe, probably due to selective 
attention to the type of somatosensory input. Increases in the inferior parietal 
lobule are seen when coupling between language and sensory input is part of 
the cerebral processing. 
Listening to simple words can be considered as a special form of sensory 
input with induced increase in the corresponding primary receptive area, e.c. 
the general auditory area. Cerebral processing for understanding spoken 
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words, located in the left hemisphere, provokes increases in Wernicke's area. 
During automatic speech, induced increases in the left hemisphere are seen 
in areas important for the motor performance of speech: the Rolandic face 
area and the supplementary motor area. In the temporal lobe the auditory 
area is involved, because the patient listens simply to his own words. 
6.3. Hydrocephalus 
It seems unlikely to discuss patients together with different neurological 
diseases, only having ventricular enlargement in common. Nevertheless, as is 
consistent with literature, patients with ventricular enlargement are consid­
ered together. 
A total of 5 patients with ventricular enlargement were studied. The mean 
age was 3 1  years, with a range from 16  to 53 years; all were women. 
The patients underwent detailed neurological examination, including 
measurements of spinal fluid pressure, neuroradiological investigations, iso­
tope cisternography and psychological examination. In 4 patients CAT-scans 
were performed. 
All patients revealed marked ventricular dilatation. 
The clinical data and cerebral blood flow values are summarized in table 
6.5. 
Table 6.5. CBF-values in patients with ventricle enlargement. 
Patient Sex Age Clinical diagnosis CBF PaC02 Auto- C02-
regulation reactivity 
I F 16 aquaduct stenosis• 64 1 7  
2 F 32 hydrocephalus• 44 42 intact 0,042 
4 1  40 
3 F 1 8  aquaduct stenosis• 53 35 
4 F 35 hydrocephalus• 54 39 intact 0,041 
5 F 53 normal pressure hydrocephalus 66 4 1  intact 0,059 
mean 53,8 39,0 
S.D. 1 1 ,3 2,6 
• unknown cause; C02-reactivity calculated as a In CBF I llPaCO,: CBF expressed in ml.min-1 per 
100 g; PaC02 expressed in mm Hg. 
• 
The mean cerebral blood flow in patients with ventricular dilatation was in 
the normal range: 53.8 ± 1 1 .3 ml.min-1 per 100 g. at PaC02 of39.0 mm Hg. All 
patients revealed a normal regional pattern. 
Striking are the results of patient no. 5, with normal pressure hydrocephalus 
as clinical diagnosis. 
6 1  
A 53-year old woman received a serious head injury 5 years age. She developed progressive 
dementia, gait disorders and urinary incontinence. Pneumencephalography revealed marked 
ventricle enlargement. but absence of air over the cerebral hemispheres. while isotope cister­
nography included ventricular stasis of the radioisotope for 48 hours. In addition to cerebral 
angiography, which was normal, regional cerebral blood !1ow studies were carried out. 
Mean cerebral blood flow at rest was 66 ml.min-1 per 1 00 g. The regional 
pattern was normal. 
Autoregulation to induced hypertension (tested as mentioned in section 
6.2) was intact. In addition a lumbar puncture was performed. Opening 
pressure was 1 8  cm water. Spinal fluid was removed till a pressure of 9 cm 
water. A repeated cerebral blood flow study was immediately performed, with 
a value of 79 ml.min-1 per JOO g. (corrected for PaC02). 
This means an increase of 1 9.9% and is a significant exceeding of the 
coefficient of variation. A CSF-shunting procedure was carried out with a fair 
postoperative clinical result, IO  months later. 
Discussion 
Our results of cerebral blood flow studies are striking as compared to the 
results from literature (see section 4.3). 
It is generally agreed that the onset of hydrocephalus is correlated with a 
decrease in cerebral blood flow, but neither the two patients with obstructive 
hydrocephalus, nor the patient with normal pressure hydrocephalus had 
subnormal blood flow values. Because the regional patterns were normal, the 
results cannot be explained by any form of activation. 
A clear cut clinical syndrome of what usually is called normal pressure 
hydrocephalus can be in concurrence with a normal cerebral blood flow. We 
can confirm the opinion that potential clinical improvement after a shunting 
procedure can be predicted from an increased cerebral blood flow after 
decreasing cerebrospinal fluid pressure. 
Nevertheless, our data are too scanty to make definite conclusions, 
although normal cerebral blood flow values seem not to be in contradiction 
with marked ventricle dilatation. 
6.4. Cerebrovascu/ar diseases 
Patients with thromboembolic diseases of the cerebral vessels are not usually 
found in a neurosurgical clinic. For this reason only a few patients with this 
type of disorder could be studied. 
6.4. 1 .  Stroke 
One patient with a cerebrovascular accident was studied. 
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A 69-year old man developed a completed stroke 1 1  years ago, with a right sided hemiparesis 
ameliorating in some weeks. Antiepileptic medication was prescribed, because of epileptic 
manifestations. There was a good response for more than 10 years, till recently, when the patient 
developed an epileptic crisis. 
Clinical examination showed hyperactive reflexes on the right side, but no paresis or other 
neurological abnormalities. 
Cerebrospinal fluid was normal. Electroencephalography revealed a left-side fronto-basal ir­
ritative focus. Static and dynamic brain scan were normal, as was angiography of the left carotid 
artery. In addition regional cerebral blood flow studies were carried out. 
Mean cereral blood flow at rest was 43 ml.min-1 per 100 g. The regional 
pattern revealed an ischemic focus in the frontal area (see fig. 6. 1 1 ). Autoreg­
ulation as well as C02-reactivity were impaired in this focus. There was a 
normal response in the Rolandic area to motor activation (sustained hand 
contraction). 
Conclusion 
According to literature, it appears that focal changes may be observed for a 
long period after a stroke. 
This patient illustrates an ischemic focus, with impaired vasoreactivity, 
lasting as long as 1 1  years after the initial stroke. 
6.4.2. Transient ischemic attack 
One patient with a transient ischemic attack was studied. 
A 50-year old man developed a 2 hour long paresis of the right arm 5 months ago. Over the left 
carotid artery a loud murmer was heard. On angiography of the left carotid artery a concentric 
stenosis, just distal from the bifurcation. In addition regional cerebral blood flow studies were 
carried out. 
Mean cerebral blood flow at rest was 48 ml.min-1 per 100 g. 
The regional pattern revealed a large hyperemic focus in the left Rolandic 
area (see fig. 6. 1 2). Testing vasoreactivity, autoregulation was intact, globally 
as well as focally, but C02-reactivity was focally impaired. The conclusion was 
that the hyperemic focus is the result of vasodilatation, due to excess of local 
C02 and is to be considered as luxury perfusion. 
Conclusion 
From literature (see section 4.4.2) it is well known that after ischemic attacks, 
ischemic as well as hyperemic foci can be found in the regional cerebral blood 
flow pattern. This patient revealed a hyperemic focus, to be considered as 
luxury perfusion, 5 months after the occurrence of a transient ischemic attack. 
6.4.3. Ligation of the carotid artery 
Cerebral blood flow studies were not performed on patients, undergoing this 
form of treatment. 
6.4.4. Subarachnoid hemorrhage 
A total of 1 3  patients with spontaneous subarachnoid hemorrhage were 
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6. 1 1 . 
Fig. 6. 1 1 . rCBF pattern of the left hemisphere at rest shows an ischemic focus in the frontal area. 
Fig. 6. 1 2. rCBF pattern of the left hemisphere at rest reveals a large hyperemic focus in the 
Rolandic area. (Note colour scale is upside-down). 
studied. All patients underwent detailed neurological examination, including 
cerebral angiography. In 1 1  patients the hemorrhage was due to a berry 
aneurysm, while in 2 patients no cause was found. Patients with arteriovenous 
malformations, presenting as a subarachnoid hemorrhage were excluded, 
because they show very special flow caracteristics, mentioned in section 6.6. 
The clinical data together with the cerebral blood flow values of the patients 
with subarachnoid hemorrhage are summarized in table 6.6. 
Table 6.6. CBF-values in patients with subarachnoid hemorrhage (SAH). 
Patient Sex Age Location of Neurological CBF PaC02 Days after 
aneurysm status (Botterell) SAH 
I M 52 !CA II 27 45 2 1  
2 M 44 ACoA I 50 37 108 
3 F 45 ACA I 32 4 1  1 6  
4 M 44 ACA II 32 28 39 
5 M 44 MCA II  35 43 97 
6 F 4 1 PcA III 33 33 28 
7 F 50 !CA I 57 43 2 1  
8 M 62 ACA II 27 34 6 
9 M 45 !CI I 48 42 37 
IO M 52 II 3 1 4 1  1 3 
I I  F 5 1 III 22 39 16 
1 2  F 46 MCA III 27 32 19 
1 3  F 59 ACA III 19 40 3 1  
mean 33,3 49,4 
S.D. 1 1 ,2 6,2 
Legenda: !CA = internal carotid artery, ACoA - anterior communicating artery, MCA = middle 
cerebral artery, ACA = anterior cerebral artery, PcA = pericallosal artery. 
CBF expressed in ml.min-1 per 1 00  g: PaC02 expressed in mm Hg. 
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6. 1 2. 
The mean cerebral blood flow was 33.8 ml.min-1 per 100 mg. Compared to 
the group of "normal" patients (see table 6. 1 ), the difference is highly sig­
nificant (Student t-test, two-paired, p<0,001). 
Patients were classified according to their neurological status, using the 
system of Botterell et al. ( 1 956). 
Botterell's classification indicates: 
Grade I:  a patient who is conscious, with or without blood in the subarachnoid space. 
Grade J I :  a drowsy patient without significant neurological deficit. 
Grade I I I :  a drowsy patient with a neurological deficit. 
Grade IV: a patient with a major neurological deficit and deteriorating. 
Grade V: A moribund or near moribund patient. 
Only patients grade in group I-III were studied. The results are summarized in 
table 6.7. The mutual differences are slightly significant, but in any case there 
seems to be an inverse relationship between cerebral blood flow and severe­
ness of the neurological deficit. 
Table 6.7. Patients, classified according neurological status (Botterell). 
Group I 
N = 4  
CBF (in ml.min-• per 100 g) 45.3 ± 8.9 
Group II 
N = 5 
30.4 ::!: 3.4 
Difference between 1 and II significant (Student I-test. two-tailed, p < 0,0 I )  
DifTerence between I I  and I I I  significant (Student I-test, two-tailed, p < 0,  I ). 
Group I I I  
N = 4 
25 .3 ± 6. 1 
The interval between occurrence of subarachnoid hemorrhage (or last re­
bleeding) and cerebral blood flow measurement was 6 to 108 days. The cere­
bral blood flow values seem to increase with time lag after occurrence of sub-
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Fig. 6. 13 .  Relationship between CBF and time lag after occurrence of subarachnoid hemorrhage. 
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Fig. 6. 14. Angiographic study of a 52-year old man reveals signs of spasm 13 days after onset of 
subarachnoid hemorrhage, while in the rCBF pattern at rest a focal area of hyperemia is seen. 
arachnoid hemorrhage (see fig. 6. 13), but calculations revealed a week corre­
lation coefficient (r = 0,53). Nevertheless, it is certain, that a long time after 
subarachnoid hemorrhage, cerebral blood flow can be lowered, without 
evidence of serious neurological deficit. 
As an illustration, patient no. 5, a 44-year old man, no other neurological deficit but slight neck 
stiffness, studied 97 days after onset ofsubarachnoid hemorrhage had a cerebral blood flow at rest 
of 35 ml.min-1 per 100 g. 
One of the major problems after subarachnoid hemorrhage is the occurrence 
and significance of arterial spasms, as seen on the angiogram. Spasms were 
classified as severe (vessel caliber decrease 50% or more) or as mild (vessel 
caliber decrease less than 50%). In 7 patients spasms were seen on the 
angiograms, in 3 patients classified as severe, and in 4 patients as mild. 
All the patients with severe spasms revealed focal ischemia in the regional 
cerebral blood flow pattern. In the group of patients with mild spasms, two 
had an ischemic and one patient a hyperemic area, while another patient 
showed a quite normal regional pattern. 
The case history of the patient with spasms and a hyperemic focus is as 
follows: 
Patient no. 1 0, a 52-year old man, was admitted to the hospital after being in an unresponsive state 
for some hours. On examination there was neckstiffness, but no other signs of deficit and a lumbar 
puncture revealed bloody cerebrospinal fluid. After 24 hours the patient recovered spontaneously, 
but was confused. Electroencephalography and brain scans were normal. Bilateral carotid 
angiography, 1 3  days after admission, revealed signs of spasms (see fig. 6. 14). In addition regional 
cerebral blood flow studies were carried out. 
The mean cerebral blood flow at rest was 3 1  ml.min-1 per 100 g. In the 
regional pattern a focal area of hyperemia was seen (fig. 6. 14). This pattern 
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was also seen in a repeated study at rest, and not due to activation. Autoreg­
ulation was intact, focally as well as globally. 
In all patients the localization of the focal ischemia agreed with the site of 
the spasm. There was no good correlation between the occurence of spasms 
and neurological deficit. Of the 7 patients with spasms 3 showed a neuro­
logical deficit and were graded in group III (according to Botterell}, while 4 
patients showed no neurological deficit and were graded in group II. Taking 
into account the focal changes in the regional pattern, the correlation with 
neurological deficit did not improve. 
Table 6.8. Correlation of angiographic spasms and focal changes in rCBF pattern. 
Spasms Focal changes 
severe 
patient no. 5 �CB F  - 30% patient no. 4 �CBF - 30% spasm mild 
1 1  - 20% 5 - 30% spasm severe 
1 3  · - 1 5% 8 + J 5% spasm no 
1 0  + 30% spasm mild 
mild 1 1  - 20% spasm severe 
patient no. I 0 1 2  - 20% spasm mild 
4 - 30% 13 - I 5% spasm severe 
1 0  + 30% 
1 2  - 20% 
In the total group of patients with subarachnoid hemorrhage a hyperemic 
area was seen in one other patient. 
Patient no. 8, a 62-year old woman, developed subarachnoid hemorrhage due to a ruptured 
aneurysm of the anterior communicating artery. She was drowsy, but revealed no neurological 
deficit. On angiography no signs of spasm. 
In addition regional cerebral hlood now <tudic• were carried out. 
hg. 6. 1 5 .  rl" BI- p.ll crn .u rc>t 0f J 62-) car 0lJ \\ oman, 6 days after subarachnoid hemorrhage, 
reveals a hyperemic area in the deep frontal region. On carotid angiography �o signs of spasm. 
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The mean cerebral blood flow at rest, 6 days after the onset of the hemorrhage, 
was 27 ml.min-1 per 100 g. In the regional pattern a hyperemic area was seen 
in the deep frontal region, according to the site of the ansurysm, (see fig. 6. 1 5). 
The same pattern was obtained in a repeated study at rest and surely not the 
result of activation (the patient did not speak, in the examination room was 
silence). 
The significance of these hyperemic changes is not yet clear, but it may be 
assumed that these changes can be taken as a succesful effort to cope with the 
consequences of a (not too serious) arterial spasm, and can be looked upon as 
a reactive hyperemia to an initial ischemia. 
Discussion 
The mean cerebral blood flow in patients with subarachnoid hemorrhage was 
subnormal. This global depression of flow cannot be attributed directly to a 
hemodynamic cause such as arterial spasm, since spasm was absent in 6 
patients. It is demonstrated that states of depressed consciousness in which the 
brain has a lowered metabolic rate, are associated with a concomitant 
decrease in blood flow (see section 2.3.2). This is a secondary event with no 
specific hemodynamic cause. 
Supporting evidence for this metabolic cause is given in table 6.7, in which 
it is shown that cerebral blood flow and neurological status are inversely 
related, and that all drowsy patients, not having a major neurological deficit 
(group II) have a subnormal cerebral blood flow. 
In addition to the global decrease, all of the patients with spasm, had areas 
of focal ischemia, except one, in whom a hyperemic focus was seen. These 
ischemic areas roughly correspond to the region supplied by the involved 
artery. In some patients the ischemic area corresponds with focal neurological 
deficit, but in others clinical signs are absent. 
Neither was there a good correlation between focal changes in the regional 
cerebral blood flow pattern and the neurological condition. Striking are the 
hyperemic areas, in one patient with signs of spasm on the angiogram, in 
another without. The hyperemic areas are surely not the result of brain 
activation and it is assumed to be the result of a reactive hyperemia to, not too 
serious, initial ischemia. 
6.5. Hypertension 
We did not study hypertensive patients. The results of testing autoregulation 
under hypertensive conditions in normotensive patients are mentioned in 
section 6.2. 
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6.6. A rteriovenous malformations 
A total of 9 patients with arteriovenous malformations of the brain were 
investigated. The mean age was 36 years, within a range of 20 to 50 years. 
There were 3 women and 6 men. 
2 patients were examined twice. 4 patients developed epileptic manifes­
tations, 4 patients subarachnoid hemorrhage and one patient showed 
diplopia. In 5 patients, who underwent surgery a cerebral blood flow study 
was carried out just before and immediately after the operation. In 3 patients 
the arteriovenous malformation was localized in the region supplied by the 
vertebro-basillar vessels. In these patients regional cerebral blood flow studies 
were carried out by vertebral artery injections. The clinical data together with 
the cerebral blood flow values are summarized in table 6.9. 
Table 6.9. CBF-values in patients with arteriovenous malformations (AVM). 
Patient Sex Age Symptoms Location CBF-data 
ofAVM 
Carotid injection Vertebral injection 
preoperative post- preoperative post-
operative operative 
CBF PaC02 CBF PaC02 CBF PaC02 CBF PaC02 
F 32 'iAH PICA 38 37 
3 1  3 1  
2 case I ,  3 2  days later 41 41 43 35 
3 M 40 epilepsy PCA 38 37 
4 M 43 epilepsy MCA 33 42 
32 40 
25 41 
5 M 40 epilepsy CA.MCA 38 35 33 35 
mild paresis 34 33 33 35 
6 F 50 SAH PICA 59 38 34 42 
7 F 50 diplopia PCA 4 1  37 
39 35 
8 M 24 epilepsy MCA 40 40 
36 39 
9 case 8, 10 days later 40 40 38 35 
10 M 25 SAH MCA 50 4 1  
37 35 
I I  M 20 SAH PCA 4 1  47 44 45 
Legenda: SAH = subarachnoid hemorrhage. PICA = posterior inferior cerebellar artery. PCA = 
posterior cerebral artery. CA = carotid artery. MCA = middle cerebral artery .CBF expressed in 
ml.min-• per 100 g: PaC02 expressed in mm Hg. 
Surveying the results of cerebral blood flow measurements, patients with 
arteriovenous malformations have low flow values. The mean cerebral blood 
flow was 36.8 ± 5.6 ml.min-1 per 100 g. (with a PaC02 of37.5 ± 3.2 mm Hg). 
Compared to the group of "normal" patients (see table 6. 1 ), and after cor-
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recting for differences in arterial C02-tension the difference is statistically 
significant (Student t-test, two tailed, p<0,00 1 ). 
Even when excluding the patients who were studied just before surgery, and 
who had already premedication, the mean cerebral blood flow of the 
remaining group is significantly lowered as compared with the group of 
"normal" pa ti en ts. 
In the regional pattern the site of the arteriovenous malformation is always 
seen as an area of hyperemia. Caution has to be taken to draw conclusions 
from the degree of hyperemia and the extent of the arteriovenous malfor­
mation (see later). 
To evaluate the hemodynamics of the arteriovenous malformation and the 
consequences to the underlying brain tissue, the clearance curves have to be 
examined more closely. Mention can be made of an initial peak, due to the 
first passage of the radioactive bolus. 
Paulson et al. ( 1 969) described these "arterial peaks" as lasting only three to 
five seconds, being about 10% of the maximum recorded counts and being 
followed by the usual exponential clearance curve. The normal occurrence of 
the a�terial peaks are restricted to the region of the carotid siphon believing it 
to represent the immediate.passage of the bolus of radioactive isotope through 
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Fig. 6. 1 6. Model of a clearance curve with a vascular peak. Hp is the maximum height of the peak 
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larger peaks have been noted by Paulson et al. ( 1 969) to be associated with 
arteriovenous malformations. In the case of arteriovenous malformations 
perhaps it is more justified to speak of vascular peaks. 
Considering a model of a clearance curve with a large peak (see fig. 6. 1 6), 
we introduce the terms peak-time and peak-index. Peak-time (tp) is the time 
interval between the start of the clearance curve and the peak. The shorter the 
peak-time, the faster is the transportation time of blood to the region with the 
peak. 
The peak indicates an immediate passage of radioactive isotope. In the case 
of an arteriovenous malformation this signifies that the part of the radioactive 
isotope bolus, shunted through the malformation, is represented by the peak. 
An other part of the radioactive bolus perfuses into the underlying brain 
tissue and will be washed out. This is represented by the usual exponential 
part of the clearance curve. 
As an attempt to calculate the relative quantity of the part of the radioactive 
isotope, shunted through the arteriovenous malformation, the peak-index Ip, 
is introduced, as the ratio between the maximum of the peak of the curve, Hp, 
and the maximum of the curve after subtraction of the vascular peak, He. 
Expressed in a formula: 
H 
I = __ P x 100% p He 
24 
He is estimated from the curve values between the 1 5 1h and 451h second. It is 
assumed that in this time interval the peak phenomenon has disappeared, 
while the curve is still in the monoexponential phase. 
He is extrapolated according 
t = 45 
f H(t)dt 
t "' 1 5  He = 2 x H15 _ ----- 25 
30 
in which the last term is equal to the average of the clearance curve between 
the I 5 1h and 451h second. The relative error in He is mathematically determined 
to be less than 1 ,5%.  
The calculated values for _peak-time and peak-index are processed by the 
computer system and displayed on the TV-monitor as a functional image in a 
fixed colour scale. 
In a normal regional pattern arterial peaks are restricted to the region of the 
carotid siphon. The peak-index is usually about 1 10%, but never exceeds 
1 20%. Above this value certainly a pathological condition exists. 
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Fig. 6 . 17 .  24-year old man, patient no. 8, with an arteriovenous malformation in the central region. 
A-D preoperative studies and E-H postoperative studies (further explanation see text). 
For illustration examples of the data of 2 patients are given. 
Case 8. A 24-year old man manifested epileptic attacks. Neurological examination was normal. 
Static brain scan studies revealed a high uptake in the right central region. On cerebral 
angiography an arteriovenous malformation was visible in the right centro-parietal region, fed by 
vessels from the anterior and middle cerebral artery. Surgery was planned. 
Regional cerebral blood flow studies were carried out just before and after the 
operation. In fig. 6. 17  the results are depicted. In fig. 6. 1 7  A the arteriovenous 
malformation is seen during intra-operative angiography. In the regional 
cerebral blood flow pattern the malformation is recognized as a hyperemic 
focus (fig. 6. l 7B). No blood flow studies during hypertension or hypercapnia 
were undertaken. Peak-time display (fig. 6. I 7C) shows very early peaks 
(within 0,5 seconds) in the area of blood supply to the malformation. It can 
be clearly seen that the blood supply sterns in majority from the middle 
cerebral artery and in minority from the anterior cerebral artery. The peak­
index reveals values about 400% over the region of the malformation (fig. 
6. 1 7B). 
During surgery and with intra-operative angiographical control, clips were 
placed upon the feeding vessels. The result was excellent. The malformation 
was obliterated (fig. 6. I 7E). 
Regional cerebral blood flow studies immediately after the operation 
showed in the regional pattern an unaltered hyperemic focus in the region of 
the malformation. A new hyperemic focus too is seen just posterior to the site 
of the malformation, in our opinion caused by focal paralysis due to surgical 








Fig. 6. 1 8. 40-year old man, patient no. 5, with an arteriovenous malformation in the right Sylvian 
fissure. A-D preoperative studies and E-H postoperative studies (further explanation see text). 
In postoperative peak-time studies early peaks have disappeared (fig. 
6. 170). From peak-index values complete disappearance of peaks is shown 
(fig. 6. I 7H). These results confirm a successful treatment of the arteriovenous 
malformation. 
Another example is given in the following case history. 
Case 5. Starting with epileptic attacks 3 years ago, a 40-year old man developed a leftsided 
hemiparesis and a right-sided 3rd nerve palsy. Cerebrospinal fluid examination was normal. 
Neuroradiological examination revealed an arteriovenous malformation in the right Sylvian 
fissure. Its main blood supply came from the carotid artery and middle cerebral artery. 
In addition to the cerebral angiography regional cerebral blood flow studies 
were carried out. Results are depicted in fig. 6. I S. In fig. 6. I SA the malfor­
mation is seen angiographically, while in fig. 6. I SB the condition is depicted in 
the regional cerebral blood flow pattern as a hyperemic focus. 
Peak-time display (fig. 6. I SC) shows very early peaks in and around several 
areas towards the malformation, suggesting the blood to the malformation is 
supplied by several arteries. The peak-index (fig. 6. I SD) of the curves in the 
area of the malformation gives values up to 1200%, indicating that very large 
quantities of blood are shunted. Surgery was undertaken, but the malfor­
mation could not be removed totally. Despite ligation of some feeding 
arteries, there was still a residual lesion, as seen in the final intra-operative 
angiographic study (fig. 6. I SE). Postoperative regional cerebral blood flow 
studies still show in the regional pattern a hyperemic focus in the area of the 
malformation and another hyperemic area at a short distance as a result of 
surgical manipulation (fig. 6. l SF). Peak-time (fig. 6. I SO) shows still very early 
peaks, but the area with early peaks has become smaller. Peak-index (fig. 
6. I SH) shows lower values (about 650%), and it can be concluded that surgical 
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treatment has decreased the distention and blood shunting of the malfor­
mation but there remains a residual lesion. 
The hemodynamic consequences of brain tissue underlying an arteriovenous 
malformation have been studied from the relationship between the peak-in­
dex and regional cerebral blood flow value. Clearance curves from detectors 
"looking" at an area with an arteriovenous malformation are analysed. 
Peak-index was calculated as mentioned above, while from the remaining 
clearance curve the regional cerebral blood flow was calculated. Peak-index 
values and underlying regional cerebral blood flow value were plotted. 
In fig. 6. l 9A this relationship is depicted from data of patient no. 8. In the 
brain tissue underlying the arteriovenous malformation are areas, which are 
slightly underperfused, but with increasing peak-index there is tissue 
hyperemia. Peak-index values however, do not exceed 400%, indicating a not 
too large shunting of blood in the malformation. 
In patient no. 5 there was a much larger shunting of blood with peak-index 
values up to 1 200%.  The diagram (fig. 6. l 9B) shows a tendency to low flow 
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Fig. 6. 19 .  Relationship between CBF and peak-index. Preoperative studies of patient no. 8 (A) and 
patient no. 5 (B). 
The results from the other patients support this impression: brain tissue 
underlying an arteriovenous malformation will be underperfused when 
peak-index values exceed 1 200 to 1 500%. However the data from our group of 




Patients with an arteriovenous malformation have a lower mean cerebral 
blood flow. The regional pattern shows a hyperemic focus in the area of the 
malformation, but no conclusion about the hemodynamic characteristics can 
be drawn from the regional pattern. For this reason peak-time and peak-index 
are introduced. With the peak-time areas with arterial peaks in the clearance 
curve can be detected and these give information not only about the size and 
localisation of the malformation but also about the vascular supply to the 
malformation. 
The peak-index gives information on the hemodynamics in the 
arteriovenous malformation in a quantitative manner, while from the 
relationship between peak-index and regional cerebral blood flow con­
clusions can be drawn about the hemodynamics in the underlying brain 
tissue. 
6.7. Migraine 
We studied one patient subject to migraine, but not during an attack. He was 
an otherwise healthy young man of 27 years, who had suffered for 4 years 
from attacks of migraine. In the last few months, the attacks were 
accompanied by paresthesias around the mouth and in the right arm. 
Neurological examination, electroencephalography, brain scans and left side 
carotid angiography were quite normal. 
C.erebral blood flow at rest was 50 ml.min-1 per 100 g. (PaC02 = 4 1  mm 
Hg), with a normal regional pattern. Vasoreactivity was not studied. 
6.8. Epilepsy 
One patient with epilepsy not due to any cause as mentioned in the other 
sections was subjected to cerebral angiography. She was a 20 year old women 
with no other neurological history than temporal fits over a period of 2 
months. Birth history normal, as was neurological examination. Electroen­
cephalography showed a left side temporal focus. Brain scan and left side 
carotid angiography were normal. 
Cerebral blood flow was 75 ml.min-1 per 100 g., with a normal regional 
pattern. 
6.9. Brain tumours 
6.9. l .  Hemispheric tumours 
A total of 9 patients with hemispheric tumours were investigated. The 
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tumours included five astrocytoma (grade III and IV, according to the 
classification of Kernohan), one oligodendroglioma and one meningeoma. In 
two patients the tumour was a metastasis to the brain. In seven patients the 
tumour involved the left hemisphere and in two patients the right hemisphere. 
The mean age of the patients was 54 years. There were 4 women and 5 men. 
The clinical data, together with the blood flow value are summarized in table 
6 . 10. 
Table 6. 1 0  CBF-values in patients with hemispheric tumours. 
Patients Sex Age Diagnosis JCP CBFPaC02 Autoregulation C02-reactivity 
1 F 62 astrocytoma I I I  increased 49 37 focally impaired 
2 M 2 1  astrocytoma I I I  increased 36 36 
3 F 49 oligodendroglioma increased 68 38 paradoxically focally impaired 
4 M 5 1  astrocytoma J V  normal 29 46 focally impaired paradoxically 
5 F 68 astrocytoma JV normal 30 39 
6 M 56 astrocytoma I I I  normal 55 43 focally impaired 
7 F 64 single metastasis increased 24 34 
(mamma) 
8 M 69 single metastasis increased 26 32 focally impaired 
(bronchus) 
9 M 53 meningeoma normal 33 42 focally impaired 
Legenda: ICP - intracranial pressure: CBF expressed in ml.min-1 per 100 g: PaC02 expressed in mm 
Hg. 
The mean cerebral blood flow was 37.7 ± 14.7 ml.min-1 per 100 g. This is 
Fig. 6.20. rCBF pattern of 49-year old woman with a deep frontal oligodendroglioma, seen a� a 
very high hyperemia in the tumour area, surrounded by perifocal but less pronounced hyperemia. 
Fig. 6.2 1 .  rCBF pattern of 69-year old woman with brain metastasis in the parietal region, seen as 





Fig. 6.22. Paradoxical autoregulation in a 49-year old woman with a deep frontal oligodendro­
glioma. After increasing MA8P from 100 to 140 mm Hg the hypert."mia in and around the tumour 
area is less intensive. 
Fig. 6.23. Paradoxical C02-reactivity in a 5 1 -year old man, with an astrocytoma grade 1 1 1-IV. After 
increasing arterial C02-tension from 4 1  to 46 mm Hg the mean C8F was unaltered, but the 
regional C8F in the tumour area decreased. 
subnormal as compared to the group of "normal" patients (see table 6. 1 ). 
(Student t-test, two-tailed, p<0,00 1 ). 
In all patients the regional cerebral blood flow pattern was abnormal. In 
the resting pattern the space-occupying lesion in 6 patients was seen as a 
hyperemic area of various degree and in 3 patients as an ischemic area. In 
some patients the tumour area was surrounded by hyperemia in perifocal 
brain tissue, probably represented by a state of luxury perfusion. 
Patient no. 3, a 49-year old woman, with complaints of headache over a period of 9 months, 




brain scanning a deep frontal lesion on the left side. Carotid angiography: early venous drainage at 
the site of the lesion and pathological vessels. In addition a CBF-stud) was carried out. 
Mean cerebral blood flow of the left hemisphere was 7 1  ml.min-1 per 1 00  g. 
The regional pattern (fig. 6.20) revealed a very high hyperemia in the tumour 
area with values up to 1 70 ml.min-1 per 100 g. The tumour area is surrounded 
by perifocal but less pronounced hyperemia, explained as luxury perfusion. 
In three patients hyperemic areas were seen in the regional pattern in areas 
remote from the tumour. In all cases the tumour was situated in the centro­
parietal or parieto-occipital region, while the remote abnormalities were 
situated in the fronto-basal regions. 
A 64-year old women (patient no. 7), underwent 14 months ago surgery for carcinoma of the right 
breast. 14 days before admission to the hospital she complained of headache, nausea and vomiting 
and on examination serious signs of increased intracranial pressure were found. 
Static brain scans revealed a pathologic lesion in the right parieto-occipital region. Carotid 
angiography was normal. In addition CBF-studies were carried out. 
Mean cerebral blood flow was 24 ml.min-1 per 1 00 g. The regional pattern 
revealed ischemic areas in the parietal region according to the tumour site. 
Remote areas of marked hyperemia were seen in the deep frontal region (see 
fig. 6.2 1 ). 
A CBF-shunting procedure was carried out, but the patient deteriorated and died 5 weeks later. 
Autopsy revealed a single metastasis in the right parietal region, but in the deep frontal areas no 
metastases were found. 
All patients with remote abnormalities in the regional pattern had clinical 
signs of increased intracranial pressure. However, in two other patients with 
clinical signs of increased in tracranial pressure, these remote hyperemic areas 
were not seen. Autoregulation was tested (method as described in section 6.2) 
in 5 patients. In 4 patients autoregulation was focally impaired in the tumour 
area. One patient showed paradoxical autoregulation. 
Patient no 3, already mentioned above, revealed m the regional pattern a focal hyperemia with 
luxury perfusion. 
Mean arterial blood pressure was increased from 100 to 140 mm Hg. 
The mean cerebral blood flow, in a repeated study at rest, was 75 ml.min-1 per 
100 g. and after induced arterial hypertension 72 ml.min-1 per 1 00 g. This is a 
non-significant difference. The regional patterns (fig. 6.22A en B) revealed a 
less intensive hyperemia after induced arterial hypertension, while the size of 
the hyperemic area was taken off. 
C02-reactivity was tested (method as described in section 6.2) in 3 patients. 
In all cases it was pathological. 2 patients had a focal impairment of 
vasoreactivity and l patient showed a paradoxical reaction. 
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In patient no. 4, a 5 1 -year old man, an astrocytoma, grade I I I-IV was diagnosed in the left 
centro-parietal region. There were signs of increased intracranial pressure. Cerebral blood flow 
studies were carried out in addition to cerebral angiography. 
Mean CBF at rest was 32 ml.min-I per 100 g. In the regional pattern a 
hyperemic area was seen in the tumour area. Arterial C02-tension was in­
creased from 4 1 to 46 mm Hg, but the CBF did not alter significantly and was 
30 ml.min-I per 100 g. The regional CBF, in the tumour area decreased, with 
about 30% (fig. 6.23A, B). 
Discussion 
It is well known that the regional cerebral blood flow in brain tumour patients 
is abnormal in the tumour area as well as in the brain tissue, immediately 
surrounding it. We found hyperemic as well as ischemic foci in the tumour 
area. Also in perifocal brain tissue hyperemia was seen, probably representing 
a state ofluxury perfusion. We confirm the findings of hyperemic regions seen 
in sites remote from the tumour area, in literature only mentioned by Endo et 
al. ( 1977). 
Autoregulation and C02-reactivity were impaired in nearly all tumour 
cases. In addition, paradoxical reactions to induced arterial hypertension and 
increased arterial C02-tension were observed. These paradoxical responses 
occur often in the tumour region. Thus the regulation of regional cerebral 
blood flow in patients with space-occupying intracranial masses is disordered 
at the site of the lesion and sometimes in sites remote or in the entire brain. 
These characteristic phenomena have been discussed in detail in section 4.9. 
6.9.2. Pituitary and parapituitary tumours 
A total of 7 patients with a pituitary tumour were investigated. The mean age 
was 39 years. There were 4 men and 3 women. 
5 patients underwent surgery. All patients were examined in detail for 
neurological and endocrine symptoms. These findings, together with results of 
endocrine investigations* and neuroradiologic characteristics are summarized 
in table 6. 1 l .  
This series of 7 patients was extended to 9, with diagnosis craniopha­
ryngeoma and empty sella syndroma and representing parapituitary lesions. 
Their data are also summarized in table 6. 1 1 . 
Reviewing the results of cerebral blood flow measurements in patients with 
pituitary tumours, there seems to be a tendency to high values. 
• A  complete endocrine work-up was carried out (Department of Endocrinology, U niversity 
Hospital of Groningen, Head Prof. Dr. H. Doorenbos). The ACTH reserve was determined with 
the metopiron test. ADH secretion was considered normal, when 24-urine volume was less than 3 1. 
TSH levels were studied in the TRH-test. GH was studied using insuline tolerance test. LH/ FSH 
was studied, using the LHRH-test. 
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N Table 6.1 I .  Clinical symptoms and CBF-values i n  patients with pituitary tumours and parapituitary lesions. 
Patient Sex Age Hemoglobin• Complaints Symptoms Visual Roentgenographic evaluation Hormone Pathology CBF 
(g) dl fields selia PEG aneriography assay 
Pituitary tumours 
M 19 14.8 sexual infantilism 0 0  � 
'-" 
I gonadotrophin chromophobe 72 -'\...)\ deficiency adenoma 
2 M 25 15,2 blurred vision () C  � � � normal invasive 59 chromophobe 
0 0  � � ( adcnoma M 46 14,6 decrease of potency scanty axillary gonadotrophin no surgery 96 
and pubic hair deficiency 
4 F 4 1  13,2 headache acromegaly 0 0 � y growth hormon no surgery 59 excess 
() C-' y 
..L/ 
y M 43 14.6 blurred vision -0t normal chromophobe 46 adcnoma 
() �  u � -( 6 F 43 13,8 headache scanty axillary \.)) gonadotrophin chromophobe 7 1  and pubic hair deficiency adcnoma 
0 0  lJ{ w '-I' 1 F 42 14,2 headache; � gonadotrophin chromophobe 68 T 




M 59 13,8 headache 0 0  u 1 normal cranio· 36 pharyngeoma 
9 F 34 14,0 syncope o �  L,\ � T normal empty selia 54 
Legenda: C02-reactivity calculated as ll In CBF /llPaC02; CBF expressed in ml.min-
1 per 100 g; Paco2 expressed in mm Hg. 
Paco, Auto- co,-
regulation reactivity 
34 - O.oJO 
39 - 0,040 
44 1nt11cl 0.046 
35 intacl 0,022 
42 - O.o35 
42 intact 
43 int11.ct 
39.5 - 0.035 
4.2 -
42 incac1 0.058 
39 - 0.042 
The patients with parapituitary lesions seem to have flow values in the 
normal range. Our preliminary conclusion is that high blood flow has some­
thing to do with the pituitary tumour itself. Statistical analysis however, 
showed no significant differences between the pituitary group and the group 
of "normal" patients (table 6. 1 .). 
Subgrouping the patients with suprasellar extension of the tumour there 
was still no statistically significant difference. The most frequent endocrine 
finding in our series of patients was a gonadotrophin deficiency (N = 4). 
These patients revealed a significantly higher cerebral blood flow (Student 
t-test, two-paired, p <0,05). 
On further analysis of cerebral blood flow characteristics no abnormalities 
were found. The regional pattern in all patients was normal and without focal 
abnormalities. Testing autoregulation and C02-reactivity (method as de­
scribed in section 6.2) normal results were obtained, globally as well as focally. 
We could not find any mention in the literature of cerebral blood flow 
alterations in patients with pituitary tumours. 
Recently Arseni et al. ( 1 977) mentioned anemia in 2 1 .7% of their patients 
with pituitary tumours. It is well known that a pronounced anemia results in 
high cerebral blood flow values, but in our group of patients all had a normal 
hemoglobin content. That our CBF-findings have something to do with the 
endocine state is supported by a clinical experience. Low level gonadotrophin 
patients sometimes develop serious complaints of headache, nausea and 
vomiting after testosteron suppletion (personal communication Doorenbos, 
1 978). Up to now we cannot explain the clinical experience nor the CBF­
findings in patients with pituitary tumours. However it is striking and we 
assume interrelation, but more detailed knowledge is needed in order to make 
definite conclusions. 
6. 1 0. Head injury 
Patients with acute head injury and in whom angiography is indicated are 
seriously and mostly vitally endangered. Because of this we did not up to now, 
study the acute sequela of cerebral blood flow in these patients. 
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SAMENV A TTING 
De funktie van het centraal zenuwstelsel is zeer ingewikkeld en begrip van het 
normale en pathologische functioneren, vraagt, naast inzicht in de bouw en 
struktuur, kennis van de biochemische werking. Hoewel bouw en struktuur 
van het centraal zenuwstelsel gedetailleerd bekend zijn, is het inzicht in de 
biochemische werking nog maar zeer beperkt. Uit dierexperimenten is welis­
waar aanzienlijke feitenkennis verworven, maar de resultaten zijn nogal eens 
tegenstrijdig, terwijl het een groat probleem blijft, goede dierexperimenten op 
te stellen als model voor het normale en pathologische functioneren van het 
centrale zenuwstelsel bij de mens. 
De invoering van metingen van de cerebrale doorbloeding en daarmee bet 
metabolisme, door Kety en Schmidt in 1 945 , was een belangrijke stap in de 
richting van ontwikkeling van methoden, waarmee veilig bij mensen de 
biochemische en functionele veranderingen konden warden bestudeerd. 
Sindsdien zijn er vele methoden ontwikkeld om de cerebrale doorbloeding 
en het metabolisme bij mensen te meten, waaronder die, waarbij met behulp 
van radioisotopen als indicator, de cerebrale doorbloeding in kleine gebiedjes 
van de hersenen, ook we! meting van de regionale cerebrale doorbloeding 
genoemd, wordt gemeten. Deze methode is het onderwerp van deze studie. 
Het meten van de cerebrale doorbloeding heeft aanleiding gegeven tot een 
geweldige hoeveelheid gegevens, afkomstig van zowel klinisch als ex­
perimenteel onderzoek. De betekenis hiervan ligt vooral in het feit, dat de 
kennis van de normale en pathologische regulatie van de cerebrale circulatie 
sterk is toegenomen en thans misschien beter bekend is dan van enig ander 
orgaan van het lichaam. In hoofdstuk 2 wordt een kort overzicht gegeven van 
de huidige opvattingen over de regulatie van de cerebrale circulatie. De 
invloed van de arteriele koolzuurspanning, de betekenis van de autoregulatie 
van de bloeddruk en van neurogene invloeden warden beschreven. 
Het concept van de koppeling van cerebrale doorbloeding en hersenmeta­
bolisme, wordt nader uitgewerkt. 
In hoofdstuk 3 wordt een overzicht gegeven van de verschillende methoden 
en technieken om de cerebrale doorbloeding te meten. De nadruk hierbij ligt 
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op methoden, waarbij gebruik wordt gemaakt van een vrij diffunderende, 
inerte indicator. Hierbij is uitgegaan van de methode van Kety en Schmidt en 
de ontwikkelingen, die hieruit zijn voortgekomen warden nader uitgewerkt, in 
bet bijzonder bet werk van de Scandinavische groep van onderzoekers onder 
leiding van Lassen en Ingvar. Hun techniek bestaat uit bet registreren van een 
uitwascurve, verkregen door meting van de radioactiviteit, afkomstig uit de 
hersenen, nadat een radioisotoop als indicator is toegediend. De wijze van 
berekening van de cerebrale doorbloeding aan de hand van de uitwascurve 
wordt uitvoerig beschreven. 
Hoofdstuk 4 is een literatuuroverzicht van de resultaten van metingen van 
de cerebrale doorbloeding. De normale waarden warden vermeld en de be­
vindingen bij verschillende hersenziekten warden beschreven. 
De in bet eigen onderzoek gebruikte methode is die, waarbij met behulp 
van xenon- 133 als indicator, toegediend via de arteria carotis inlerna, de 
regionale cerebrale doorbloeding wordt gemeten. Berekeningen warden uit­
gevoerd volgens de "initial slope" analyse. De gebruikte apparatuur en de 
gang van zaken bij bet onderzoek, warden in hoofdstuk 5 uitvoerig 
beschreven. 
In hoofdstuk 6 warden de resultaten van bet eigen onderzoek medegedeeld. 
Bij 64 patienten werden 1 67 metingen verricht. De normaalwaarde bedraagt 
57.9 ± 1 3.0 ml.min-1 per 100 g. 
Er is een goede reproduceerbaarheid van twee metingen (variatie-coef­
ficient 7.2%). Het normale regionale patroon in de cerebrale doorbloeding 
wordt beschreven, evenals de patronen bij motorische en somatosensorische 
activatie en tijdens luisteren en spreken. 
De onderzochte patienten zijn afkomstig uit de populatie van een 
neurochirurgische universiteitskliniek, hetgeen verklaart, dat slechts een en­
kele patient met epilepsie, migraine of een cerebrovasculaire aandoening, is 
onderzocht. 
Daarentegen zijn meerdere patienten met arterioveneuze malformaties, 
hersentumoren, waaronder die van de hypofyse, arachnoidale bloeding en 
hydrocephalus bestudeerd. De resultaten hiervan warden uitvoerig 
medegedeeld. 
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SYMBOLS, ABBREVIATIONS, QUANTITIES 
AND UNITS 
Despite utmost endeavour of the World Health Organisation and other 
international bodies a world wide acceptance in the medical sciences of the 
Systeme International d'Unites (S.I.) generally has not taken place. For this 
reason we must continue to live in a world of duplicate sets of values, con­
version factors and confusion. To avoid the last in this study traditional units 
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